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ABSTRACT 
Large scale experimental investigation of the relative drying capacity of building envelope 
panels of various configurations 
Arslan Z. M. Abed Alturkistani, Ph.D. 
Concordia University, 2007 
Building envelope performance can be predicted through field investigation, laboratory 
investigation, modeling, or a combination of these. Large scale testing in the laboratory has 
been limited because of cost, but it is important in validating mathematical or empirical models 
since the impact of different variables on the envelope performance can be studied as other 
variables can be readily and reliably kept constant. In the context of a research project in 
collaboration with nine companies, three universities and the government, a two-story test hut, 
with overall dimensions of 16ft 8inches in length, 12ft 5inches in width, and 19ft 11 finches in 
height to accommodate 31 instrumented wall assemblies 8ft high and 21/2ft wide each, has been 
designed and erected within a large scale test chamber to investigate the drying capacity of 31 
different envelope configurations. These wall configurations are reproduced in 31 assemblies 
that have been built and tested under pre-set loading conditions according to developed 
protocols: the specimens' protocol, the loading protocol for both moisture loading and climatic 
loads, and the monitoring protocol. These protocols are combined with the test methodology 
and data collection methods to yield a unique and state-of-the-art experiment. 
The experimental investigation is based on the hypothesis "that the data generated from large scale 
tests on various wall configurations will yield recognizable patterns that would enable researchers to 
identify mechanisms relating measurable building envelope parameters to movement and accumulation 
of moisture in wood-based building envelope systems and that the knowledge gained would support a 
design process that would better predict the performance of envelope systems"1. This can be achieved 
by investigating the hygrothermal performance of different full-scale wall assemblies in 
relationship to envelope configurations under the same climatic and loading conditions by 
1
 Unpublished internal report prepared by P., Fazio. CRD proposal. NSERC Collaborative Research & 
Development (CRD) grant, Concordia University, Montreal, Quebec. 
in 
performing comparative analytical studies to better characterize the relative performance of 
different wall configurations. 
A new test method was introduced to provide identical and measurable moisture sources for 
evaporation in the stud cavity of wall assemblies. The moisture source consisted of a water tray 
on a load cell placed on the bottom plate to represent rain water penetrating the cavity and 
collecting at the bottom plate. This set up provides a uniform moisture source that submits the 
different wall configurations to wetting by evaporation and drying by moisture evacuation out 
of the stud cavity. The test method yielded consistent and repeatable correlations between 
parameters that can be used to perform comparative parametric analysis. 
A new calculation by Mapping Method "MM" was adopted to calculate the moisture absorbed 
by components surrounding the stud cavity. The moisture evacuated from the cavity is taken as 
the difference of water evaporated from the tray and the water absorbed by the components 
surrounding the cavity. The ratio of the water evacuated divided by the water evaporated is 
defined as the drying capacity of a given configuration over a given period of time. This 
calculation by the mapping method provides a comparison tool between different wall systems. 
The analysis of this drying or evacuation of the building envelope was taken one step further 
since the mapping method calculates the evacuation through the sheathing material only. A 
Calculation Evacuation Method (CEM) was introduced to calculate the evacuation through the 
outer layers of the building envelope including the sheathing, weather barrier, and cladding. 
CEM takes into account (i) the non-linear profile with height of the absorbed vapor mass 
which influences the permeability of the sheathing, (ii) and the non-linear profile along the 
height of the vapor pressure due to the moisture source located at the bottom of the wall cavity. 
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1.1 Context of the research project 
Building envelope design is currently based on sets of proven-by-experience practices, 
application of passed-down principles and simplistic calculation evaluation. The lack of 
appropriate means for designers to assess the durability of their building envelope design has 
led to premature failures such as those in Vancouver (Barrett 1998), Seattle, and New Zealand, 
where climatic wet conditions exist. Durability of building envelopes are seriously threatened 
by moisture. If temperature and relative humidity conditions are appropriate, the accumulation 
of moisture within hygroscopic materials such as wood and wood products can produce a 
breeding ground for decay fungi, and thus, leading to deterioration of building envelope 
components. Rain is the main source of moisture in the building envelope. The major causes of 
rain penetration into the building envelope are the defects in envelope junctions and joints. 
Field surveys have shown that the ingress of rainwater into the building envelope occurs 
primarily at the interface details between different components, such as window-wall details, 
deck perimeters, balconies and walkways (Ricketts and Lovatt, 1996). No matter how the 
rainwater penetrates into the building envelope, the results are leaks that follow unpredictable 
routes, and the resulting situation is a wet envelope that needs to dry out. 
While building envelope failures in the field are frequent, little information is available on 
comparative drying potential of wood-frame walls. Therefore, studying the drying process of 
wet envelopes is of a great importance to the building science and industry to help generate 
guidelines for better designs. Before new tools can be proposed, more knowledge of building 
envelope behavior is required. Existing models and computer simulations are not yet widely 
used with confidence by industry to provide reliable predictions of the performance of various 
wall sections, especially when potential liability may be involved. Results from large-scale 
wall systems, tested under climatic conditions, can provide valuable data to gain a better 
1 
understanding of wall system behavior and increase the confidence level of users and designers 
(Fazio 2004). 
1.2 Moisture management characteristics 
There are four characteristics involved in the moisture management related to building 
envelopes, or called the 4D's, which are deflection, drainage, drying and durability (Hazleden 
& Morris 1999). 
Deflection relates to the outer skin of the envelope, such as cladding of walls and roofs or can 
be called the first line of defense against weather loads (in this case is the rain). 
Drainage relates to water that passes the first line of defense (the cladding) and can be 
identified as the second line of defense, represented by the cavity or drainage space in some 
designs. This drainage space redirects water out of the envelope depending on the design of the 
space, as well as on gravity. 
Drying concerns the water or moisture that passes these two lines of defense and enters the 
stud cavity, and to be removed through evaporation and diffusion since drainage of water from 
stud cavity does not occur by design. 
Durability depends on materials properties and their capacity to resist deterioration under 
moister loads by time. 
The water journey into the building envelope can follow many paths and it is influenced by 
deflection and drainage. On the other hand, drying describes the journey of the water out of the 
building envelope in the form of vapor. 
1.3 The water journey into the stud cavity 
Building envelopes have to be designed and constructed to deflect and drain (if the rain 
managed to pass the cladding) the bulk (i.e. 95-99%) of rain water hitting them (Hazleden & 
Morris 1999). Rain water can be driven through the exterior cladding by different forces: air 
pressure, capillarity, gravity, airflow, surface tension and kinetic energy. In many situations, 
rain water ingress is a result of a combination of several of these forces. Wall assemblies could 
2 
follow the rain screen design that adds an air cavity behind the cladding as a capillary break, or 
could be designed without such a cavity. In a typical exterior wall system with air cavity, the 
journey of the rain water penetration into the interior wythe of exterior walls can be divided 
into three sub journeys: crossing the cladding, spanning the air cavity and migrating into the 
inner wythe and thus the stud cavity, or could take the express journey by directly leaking 
inside the stud cavity in case of defaults in joints most of the time (under the windowsill for an 
example). Direct leakage can be considered as the major cause of water penetration problems 
inside the stud cavity. 
In a normal situation, when rain hits the first line of defense or cladding, most of the rain is 
deflected away; some will pass and penetrate through defects mostly in junctions driven by the 
kinetic energy forces. Some will be absorbed by the exterior surface of the cladding and stored 
in pores, interstitial cracks, and joint interfaces between cladding units by the capillary action, 
thus giving the opportunity for other forces such as air pressure difference, airflow, and surface 
tension to drive water into the inside surface of the cladding. 
The second step involves the rain water spanning across the air cavity, and if there is no air 
cavity behind the cladding, this step is achieved by default. Capillary and surface tension store 
the water in the pores and cracks of the cladding as mentioned before, which has been referred 
to as the reservoir effect (bell 2001). This reservoir storage provides an opportunity for water 
to be driven by air pressure difference across the air cavity. Moreover, capillarity drives water 
directly through some members of the wall assembly that bridge across the air cavity, such as 
the wall ties for cladding support, electric outlet boxes, shelf angles, furring, or mortar 
droppings. After water reaches the plane of the back-up wall (sheathing), it may intrude deeper 
in the third step. The main driving forces for moisture at this stage are capillarity, air pressure 
difference across, and moisture diffusion. If the moisture manages to penetrate the sheathing 
after the air cavity and weather resistive membrane fail to block this penetration, the moisture 
may be driven into the inner wythe of the wall and thus into the stud cavity by the air pressure 
difference (Mao et al. 2004). 
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Once the rain water penetrates through the defense lines of the outer wall into the stud cavity, it 
tends to run off the different components and concentrate at the bottom of the cavity. Here the 
first journey of water into the cavity ends and another journey starts - the drying journey which 
is the main concern of this study. The water at the bottom of the cavity will tend to find a way 
out through cracks, junctions or other openings between the different components. The 
repeated penetration and concentration of water will generate a moisture source at the bottom 
of the cavity mostly on the bottom plate. This moisture loading source is what has to be 
represented experimentally in a test method. 
1.4 Literature on previous experimental studies 
The main focus of this study is the drying characteristics of the different wall configurations of 
building envelope systems, specifically the drying capacity of the materials enclosing the stud 
cavity, thus the drying capacity of cavity itself when subjected to typical steady-state indoor 
and outdoor conditions. Because drying follows wetting, many attempts and methods have 
been established by researchers for stud cavity wetting before subjecting the specimens or the 
assemblies to the drying stage. 
In the context of experimental testing, researchers used several procedures to introduce water 
into the building envelope for hygrothermal testing p 
urposes. These wetting protocols can be grouped into four main procedures: spraying water on 
the exterior cladding surface, inserting water directly into the building envelope, and pre-
wetting building envelope components (Teasdale-St-Hilaire & Derome 2005), in addition to 
another method that involves drying directly by evaporation from a wetting source. Another 
important aspect is the design of the experiment that involves a number of steps: wall 
assemblies (specimens), instrumentation, data collection methods, and loading conditions. 
These aspects are also reviewed along with the previous experiments. 
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1.4.1 Methods of water insertion into the building envelope (Wetting) 
1.4.1.1 Spraying the cladding of the building envelope 
A subtask of the Moisture Management in Exterior Walls Systems project (MEWS) was to 
perform a large number of water infiltration tests by subjecting different types of walls to 
simulated wind-driven rain at certain loads and for time periods according to current industrial 
standards. Three nominal spray rates at various static and dynamic wind pressure differences 
applied to four types of cladding were carried in the tests to predict the hygrothermal responses 
of several wall assemblies that are exposed to North American climate loads, and a range of 
water leakage loads (Lacasse et al. 2003). 
Determination of the degree of water wicking up between the siding veneer laps was the 
objective of the study done by Tsongas et al. (1998) by developing a wind-driven rain 
simulation test methodology. The test ran for 7 days, where water was sprayed onto the test 
wall once a day for 15 minutes using two low-flow irrigation-type spray heads. The reason 
behind most of the studies that implemented spraying water on the exterior part of the building 
envelope was to test water penetration or infiltration resistance rather than having a wetting 
source to the inside of the building envelope. Therefore, this wetting method is not directly 
relevant, but it still worth mentioning since it is dealing with water penetration into the 
building envelope. 
1.4.1.2 Direct insertion into the building envelope 
This method could allow for better control of insertion rates into the building envelope. The 
water would be introduced into the wall assembly as a one-time source, or by wetting the 
components on a scheduled basis prior to the drying phase to attempt to mimic more or less the 
on-site conditions. Two experimental methodologies were performed by Tsongas et al. (1998) 
to introduce water between the siding and building paper to observe the extent of lateral 
migration of water behind the sidings. The water insertion rates correspond to the amount of 
rain water estimated to enter the wall at the junction between the wood siding and concrete 
landing. In the first method, water inserted once and the wall was opened up after 24 hours. In 
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the second method, the amount of water introduced to simulate a water leak for a whole month 
in a rainy season. Using a flattened copper tube, water was injected between the sidings and the 
building paper for 12 hours/day for 2 days, then another rate of entry for 2 hours every 12 
hours for 2 days again, and finally with a third rate for one hour a day for 24 days. 
In the framework of the Envelope Drying Rates Analysis (EDRA) consortium, Lawton et al. 
(1999) developed a method to insert controlled amounts of water by means of a horizontal line 
of point sources at the top of the stud cavity. The water was injected via clear vinyl tube with 
holes drilled at 13mm intervals, and was covered with ABS pipe split in half lengthwise to 
direct the water onto the interior surface of the sheathing and prevent back splash. For the 
preliminary test, two specimens were constructed (one without air cavity and the other without 
stucco cladding to provide direct access to the sheathing for moisture readings using hand-held 
moisture meter) with an array of sensors to measure temperature, relative humidity and relative 
moisture content. Sufficient water was meant to be injected into the stud cavity to raise the MC 
of all wood elements by about 25%. Given that the specimens contained approximately 40kg 
of wood, 10 liters were injected, one liter at a time over a period of 16 days. For the main 
experiment, specimens were left for two weeks to stabilize under the test conditions (indoor 
temperature of 23°C, and outdoor temperature of 10°C). When starting the main test, water was 
injected into stud spaces by the rate of one liter per day for a total of 4 liters. Specimens were 
weighed before starting the test with a floor scale (precision 0.05 kg) and then weighed again 
using the same scale for the initial weights. MC readings then were taken using a moisture 
meter, adjacent to the moisture pins for calibration purposes, and on some other locations to 
obtain a more complete mapping of the moisture distribution in the sheathing. Sensors installed 
included brass moisture pins to measure MC of selected wood elements, duff gauges to 
measure RH, type T thermocouples to measure surface and air temperatures and another sensor 
to measure temperature and RH within the stud space. 
This type of point insertion could create only one wetting pattern each time of injection and it 
is impossible to control these patterns or even predict them. And for a smooth run off and equal 
loading on the bottom plate, the sheathing must be perfectly vertical, while the bottom plate 
being perfectly horizontal. Another expected issue is the water seeping out of the specimens 
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(this was observed in the experiment by Lawton et al. 1999). Moreover, care must be taken in 
the design stage of the wetting insertion method to avoid potential absorption by the insulation. 
Schumacher et al. (2003) conducted a study to examine the basic relationship between 
ventilation airflow and the drying of wetted wall systems in a lab environment. The main 
concern was to reduce the number of intentional variables to one, namely the convective 
airflow rate. The wetting system utilizes 15 double sheets of a thick, highly adsorptive paper 
that is reinforced with a plastic mesh. One side of the wetting paper is stapled to the sheathing. 
Each double sheet of wetting paper is served by one small diameter plastic injection tube 
sandwiched between the two sides of the folded paper. Water was supplied in three doses of 
45 Og at 4 hour time intervals in order to insure that there is no liquid water leakage and that the 
water is evenly absorbed by the sheathing. The weight change of the test wall panel during the 
wetting and drying phases was measured using counterbalance weighing system (consists of a 
5000g capacity load cell, counterbalance weights and a steel arm) with an accuracy of 5g or 
less. The sheathing MC change was monitored in 5 locations: top-center, middle-left, middle-
center, middle-right, and bottom-center by electrical resistance-based moisture content sensors. 
The temperature was measured at the same previous 5 locations as well. 
The easy wetting control of the wick fabric is an advantage; it makes it possible to recreate a 
more realistic rain infiltration. However, it may be difficult to ensure a good wick 
fabric/sheathing contact. Also it may be difficult in ensuring the uniformity of wick fabric 
wetting from panel to panel. 
One of the objectives of Teasdale-St-Hilaire, Derome and Fazio (2003) was to determine the 
amount of moisture accumulated in each panel during the wetting phase. Water was introduced 
on the inside surface of the sheathing with a certain quantity, duration, and frequency to reflect 
water infiltration through a window defect to simulate rain penetration for Montreal weather 
patterns. Water was introduced into the stud space onto the top center interior face of the 
sheathing (point of insertion) to correspond to a window defect located in the middle of the 
windowsill. Moisture content was monitored by the use of electrical resistance moisture probes 
in the studs and bottom plate as well as in the sheathing with a total of 5 locations. In the studs 
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and bottom plate, sensors were inserted in a way such that the tips of the probes were at V" 
from the inner stud cavity surface. In the sheathing, smaller pins were used for the panel 
monitoring. Type T thermocouples were used to measure the temperature at locations adjacent 
to moisture content probes in the wood framing and sheathing at a depth of 6mm (lA"). 
Thermocouples were also used to monitor the temperature on the surface of the gypsum and of 
sheathing in the middle height of each assembly. Relative humidity within the stud space of the 
wall specimens was monitored using a capacitance type sensor with an accuracy of ±4%. 
During the wetting and drying phases of the tests, the pressure difference between the inside 
and the outside of the test hut was monitored with a micromanometer as well. Moisture content 
was monitored also using gravimetric samples (small cut outs from the material to be 
monitored) to determine the moisture content of the wood framing as well as the sheathing. 
Framing gravimetric samples were 13mm (lA") in diameter and 13mm QA") in depth. In test 1, 
6 framing gravimetric samples were installed in each specimen plus 9 sheathing gravimetric 
samples. 
The resulting MC curves trace the gain in MC during the water injection into the stud cavity, 
the loss of moisture content during the following removal of moisture through evaporation and 
through movement of the water vapor out of the stud cavity, and redistribution of moisture 
within the specimen. These MC curves at isolated predetermined locations may or may not fall 
within the path of the wetting pattern that is a result from the water drip at the top of the panel. 
These wetting patterns vary from panel to panel. Therefore, for point insertion wetting, there is 
no uniform wetting pattern at the starting point of the test and before the drying cycle. Because 
it is difficult to measure the moisture remaining in the specimen, it would be difficult to use 
this method to compare the performance of the different wall configurations. 
1.4.1.3 Pre-wetting components by immersion 
The Envelope Drying Rates Analysis (EDRA) project was performed in the framework of the 
Canadian Mortgage and Housing Corporation (CMHC)'s Best Practice Guide program to 
experimentally test and evaluate the potential of drying as a moisture management mechanism. 
Pre-wetting various wood and wood-based components within the inner wythe of the building 
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envelope was a different wetting approach used in the EDRA project by Hazleden & Morris 
(2001). Panels were constructed and cladded with instrumentation, not including interior finish 
plywood, polyethylene vapor barrier, insulation, and RH and temperature sensors. Dry panel 
weights were taken. Panels then were wetted by immersing (studs down) in a shallow tank of 
water such that the water level was within 6mm of the sheathing for 240 hours to achieve 25% 
to 30% MC by weight in studs and plates and 20%> to 25% MC in OSB and plywood. The bare 
panels were then weighed after immersion, while the closing up components (insulation, vapor 
barrier, plywood interior finish, RH and temperature sensors) were weighed separately. After 
the test period was over, panels were removed from the chamber and immediately been 
weighed. Panels where then disassembled, the bare panels were weighed again as well as the 
closing components. During the test, measurements were taken electronically every 15 minutes 
through electronic monitoring. Each panel had the following instrumentation: one load cell, up 
to 22 MC points, up to 12 temperature points, and up to 2 RH points, all connected to the data 
acquisition system DAS. 
In a study to asses the hygrothermal response of various components in wood-frame wall 
assemblies using hyglRC, Maref et al. (2004) conducted a large-scale laboratory test. The 
experiment consisted of two phases: immersion and stabilization. The immersion phase 
permitted the OSB to reach an elevated level of MC quickly by immersing the complete face of 
the specimen in a large water tank for three days. The stabilization phase was to insure that the 
MC throughout the component reached equilibrium. It took place after draining the water from 
the tank by leaving the specimens for two days to allow for even re-distribution of moisture 
into the OSB (the initial MC at the start of the test was assumed to be uniform for all the 
specimens). The change and the rate of change were monitored, in the total MC (drying) of 
critical wall assembly components (in OSB sheathing). The MC of the components was 
monitored on a continuous basis during the stabilization phase to ensure reaching the desired 
MC prior starting the test. The weight data has been used to determine weight loss over time in 
the OSB affixed to wood frame wall using precision weighing system for full-scale wall 
assemblies with nominal weights of up to 250kg approximately to the nearest gram. 
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In the two previous experiments (Hazleden & Morris 2001 and Maref et al. 2004) the panels 
were immersed to try and reach an elevated moisture content level. Then whole panels were 
weighed to monitor the drying capacity for the assembly. However water absorption represents 
relatively small amount compared to the weight of the whole panel and accuracy is hard to 
achieve when monitoring the evaporation of the panel. 
A comparable method was used by Teasdale-St-Hilaire, Derome and Fazio (2004) but with 
only one wall component being immersed that is the bottom plate. The method involved the 
soaking of an insert as a second bottom plate, weighing the MC in the insert, and then placing 
it between the two vertical studs over the bottom plate of the wall specimen through an access 
door cut out in the drywall. The 6 inserts (one in each of the test wall panels) were of 
approximately the same weight, and cut from the same piece of spruce. They were immersed 
partially in water for 31 days to reach moisture content by weight of 55% with a 4% variation 
among the 6 insert pieces. Another gravimetric samples 13mm diameter by 13mm height each 
were initially saturated and then fitted into predrilled holes in the bottom plate insert as well as 
one more gravimetric sample in the sheathing. During the test under Montreal spring 
conditions (April and May), the 6 inserts and small gravimetric samples were weighed on a 
daily basis for 35 days. The pressure difference across the specimen was minimized and kept 
close to 0 for the test period. There was no intentional air leakage introduced in the specimens 
and no non-intentional air leakage was assumed. This approach represented a significant 
improvement, where the resulting curves provided a characteristic drying profile for each insert 
and sheathing gravimetric sample that was located adjacent to the bottom plate insert under 
specified conditions for the different wall systems. The amount of water that can be stored in 
the wood inserts is insufficient to activate all the processes contributing to the wetting and 
drying of the entire wall panel. 
1.4.1.4 Evaporation from a wetting source 
Ojanen et al. (2002) studied the drying efficiency of a building envelope under 1-dimensional 
temperature and moisture gradient. Twenty structure frames were used in the test set-up in 
which the structure sections are installed. The main component under study was the wind 
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barrier (sheathing). Test structures were selected to include the most typical wind barrier 
materials in use, such as porous wood fiberboard, gypsum and plywood. Also, some other 
cases with additional exterior insulation with stucco, and one case having gypsum board with 
exterior mineral wool insulation without coating (cladding), and a reference case without any 
wind barrier (open case). The wetting source was a water vessel containing liquid water 
embedded in each structure frame. The experiment consisted of three different measuring 
periods with steady-state conditions, in the three periods with the same warm side temperature 
of 20°C (with less than ±0.5 °C variance). The three measuring periods had the following cold 
side temperatures: -10°C (to represent winter conditions), +3°C and +12°C with about ± 1 °C 
variation from the set value. Drying of the structures was based only on diffusive moisture 
transport through the outer material layers and was monitored by weighing the whole 
installation frame of each structure section along with the initially contained water in the 
vessel. The result was presented as a moisture flux kg/s.m2 out from each structure and these 
fluxes represent the drying efficiency of the different configurations. The relative humidity of 
the cold side air space was also monitored during the test for the different structures. 
In this experiment, the loading conditions are well established to allow for comparative 
analysis between the different structures, but the limitation to one dimensional drying by the 
horizontal setup of the test structures does not describe the real drying process of a building 
envelope.. 
1.5 In search of a common yardstick 
As seen in the literature, researchers have adopted different methodologies trying to study the 
wetting and drying of building envelopes experimentally. In the direct insertion methods, the 
water intrusion into the building envelope was intended, to a certain degree, to mimic that of a 
real life. At the same time, uniform distribution of moisture and equilibrium moisture content 
levels were expected, but, these types of point insertions could create only one wetting pattern 
each time of injection and it is impossible to control these patterns or even predict them. 
Therefore, wetting patterns tend to vary from panel to panel making it impossible to attain 
uniform distribution of moisture through the component. In addition, the expected seeping of 
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water out of the wall panel makes it hard to have the same initial wetting conditions for the 
different wall panels. Thus, a uniform basis for comparative analysis cannot be established. 
In the direct insertion method by Schumacher et al. (2003), the objective of the wetting method 
was to insure even absorption of water in the sheathing rather than mimicking a real life 
wetting caused by rain water penetration. Other researchers had the same principle of trying to 
achieve uniform distribution of moisture in the test specimens using the immersion method. In 
this method, there is only one initial wetting source that will dry out eventually; this is the 
moisture already contained in the test specimen after immersion. The objective was to monitor 
the drying by weighing the whole wall panel. However water absorption rates vary from panel 
to panel making it hard to have the same initial wetting conditions. At the same time, these 
absorption rates represent relatively small amount compared to the weight of the whole panel. 
Therefore, accuracy is hard to achieve when monitoring the evaporation of the panel. 
The above experiments considered only one source of wetting that is the runoff of penetrated 
rain water in the building envelope. In site situations, and as mentioned earlier, penetrated 
water into the stud cavity will run off the different components, concentrate at the bottom, and 
eventually leak out of the building envelope leaving a wet bottom plate behind that could act as 
a second moisture loading source. A pre-wetting by immersion method was adopted by 
Teasdale-St-Hilaire, Derome and Fazio (2004), but with only one wall component being 
immersed, that is the bottom plate insert. However, the amount of water that can be stored in 
the wood inserts is insufficient to activate all the processes contributing to envelope drying 
especially if the envelope components are not in moisture content equilibrium level; the water 
absorption rates may vary from insert to insert making it hard to have the same initial wetting 
conditions for the different wall panels, making it difficult to establish a uniform basis for 
comparative analysis. 
Based on the previous literature, while the amount of water, location, and method of wetting 
varies from an experiment to another, they come short of providing a reliable common 
yardstick to evaluate the relative drying capacity and thus the performance of the different 
building envelope configurations. 
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Therefore, there is a need to establish a framework for large-scale building envelope testing 
under specific loading conditions that allows developing a common yardstick to evaluate the 
drying characteristics of different wall systems and thus compare the relative performance of 
different wall configurations. 
1.6 Goal for the experimental study undertaken 
The experimental investigation undertaken is based on the hypothesis "that the data generated 
from large scale tests on various wall configurations will yield recognizable patterns that 
would enable researchers to identify mechanisms relating measurable building envelope 
parameters to movement and accumulation of moisture in wood-based building envelope 
systems and that the knowledge gained would support a design process that would better 
predict the performance of envelope systems" (Fazio 2004). Thus, the design of building 
envelopes would move from a thumb-rule mode towards an engineering approach. 
1.7 Scope of the study 
This experimental investigation is part of a Collaborative Research and Develpment (CRD). 
The initial phases of the project involved the development of the following protocols: the 
loading protocol (Fazio 2004), the protocol on specimen (Derome & Fazio 2004), and the 
monitoring protocol (Rao 2004). This author was involved in tasks 1 to 5 and responsible for 
tasks 6 to 8 below: 
1. Revising the instrumentation and design of the wall assemblies. 
2. Test hut design. 
3. Instrumentation and implementation of wall assemblies. 
4. Implementation of the test hut. 
5. Test methodology. 
6. Data collection protocols. 
7. Data analysis. 
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8. Development of patterns from the analysis of results to carry out comparative 
analyses of wall systems of different configurations 
The experiment was designed and instrumented drawing from the knowledge base developed 
by the group from previous tests. The aim of this experimental investigation was to initiate and 
validate a new test method that would yield repeatable results and would enable the 
comparison of the relative drying capacity of building envelope systems with different 
configurations. Modeling was not part of the study nor was it funded by the sponsors 
1.8 Objectives of the study 
This research aims to improve building design, and develop better products, by: 
• Develop a test method to better characterize the relative hygrothermal performance 
of different wall configurations for the purpose of comparing them. 
• Investigating the hygrothermal performance and the relationship between 
evaporation and evacuation of different full-scale wall assemblies in relationship to 
envelope configurations under the same climatic and loading conditions, thus, 
determining a yardstick to be used as an indicator of the drying capacity of the 
different configurations. 
• Comparing the drying potential for the different wall configurations by quantifying 
the evacuation of these different building envelope systems. 
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Chapter 2 
DESIGN OF THE EXPERIMENT 
Drying capacity is the measure of the rate of movement of the moisture out of the stud cavity 
and it can serve as a common yard stick to evaluate the relative performance of different wall 
configurations (Fazio et al. 2006). Hence, the envelope system with the greater capacity to 
evacuate moisture from the stud cavity would be less susceptible to moisture driven damages. 
This drying capacity would vary according to the specific wall configuration and according to 
the climatic load applied such as temperature, relative humidity (indoor and outdoor), pressure 
difference across the wall, and initial moisture content distributed within the components of 
wall assemblies. Construction variables also affect the building envelope drying capacity. 
Notably, these include the air leakage of the construction; material properties, and pre-existing 
characteristics of the materials including moisture content, deficiencies, and holes. 
The experiment involved full-scale wall assemblies that represent some of the most common 
building systems and configurations being used in the building industry. In the experiment, the 
wall configurations were reproduced in 31 wall assemblies that have been built and tested 
under pre-set loading conditions according to developed protocols. All 31 assemblies were 
subjected to the same test conditions that include a moisture source within the stud cavity and a 
set of climatic conditions. Each wall assembly is 2,477 mm (8'-1/4") high and 762 mm (2'-1/4") 
wide and is instrumented with: 12 pairs of moisture content pins to measure the moisture 
content in 12 preset locations; 18 thermocouples; and 25 gravimetric samples to measure the 
change in moisture content. The 31 assemblies represented different wall configurations of 
wall sections, from cladding to interior finish. Except for the insulated core, each layer is 
provided with two or more alternatives within available and normally used configurations. 
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2.1 Drying mechanism 
The capacity to evacuate moisture is one of the characteristics critical to the durability of the 
building envelope. This drying capacity could be more important than the amount of water that 
enters the cavity, and depends directly on the capacity of the wall assembly to evacuate the 
moisture. Drying occurs by drainage, by capillary action (redistribution of moisture within the 
adjacent materials), and by evaporation followed by diffusion through surrounding materials 
and transported by air leakage. 
Water from a concentrated source, such as could be found on the bottom plate, can be 
redistributed to the surrounding regions and materials of the building envelope by capillary 
action, thus, increasing the moist exposure to evaporate within the stud cavity, and to a more 
limited extent, out of the cavity. Although, this redistribution plays a role in drying, the water 
migrating to the outer surface may be considered minor, and can be neglected for this study. 
Therefore, the major mechanism of moisture evacuation in this study would be the drying of 
specific envelope configurations by evaporation, diffusion and exfilitration of moisture in the 
vapor form (Fazio 2004). 
2.2 Drying by Evaporation Index "DEI" and drying capacity 
Drying capacity could be assumed as the capability of a building envelope to evacuate 
moisture out of the stud cavity, as well as it could be identified as the drying potential, where 
the word capacity could be taken as an amount, thus the drying capacity could be a scientific 
measure of moisture evacuation out of the building envelope at any particular period of time 
under certain conditions. On the other hand, Drying by Evaporation Index or "DEI" is the 
measure of the rate of moisture movement out of the stud cavity, and is based on the relation 
between moisture evaporation inside the cavity and moisture evacuation out of the cavity. This 
measure is an indicator of the drying capacity and thus serves as a comparative indicator 
between different envelope system configurations. 
This measure also varies according to the specific wall configuration and according to the 
loading applied. It can be said that it is a function of indoor & outdoor temperature, indoor & 
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outdoor relative humidity, pressure difference across the building envelope and the initial 
moisture content IMC distributed within the components of wall assembly. Construction 
variables, such as material properties, potential air leakage and pre-existing characteristics of 
the materials including moisture content, deficiencies, holes, straightness etc. will also affect 
the index (Fazio 2004). 
2.3 Loading conditions 
The drying capacity is one of the main indicators of the wall system's susceptibility to 
moisture damage. Therefore, building envelope systems can be experimentally evaluated by 
comparing their drying capacities under certain conditions to obtain effective benchmarking 
results. For this test the variables to be studied are the different wall configurations, therefore, 
the other conditions have to be kept the same for the whole experiment period; these conditions 
are namely the climatic loading and the moisture loading. 
2.3.1 Climatic loading 
Indoor conditions were set at: 
• Temperature: 21°C 
• RH: 35 % 
Outdoor conditions: 
• Temperature: 8°C 
• RH 76%. 
The reason behind setting the weathering conditions to steady state is to better understand the 
effect of other parameters, such as the different configurations as mentioned above to identify 
the relative performance, since understanding the behavior of systems under static loads before 
moving to dynamic loads is a common practice in engineering investigation1. The month of 
October for the city of Montreal (based on the weather data analysis by Candanedo et al. 2006) 
was selected as the primary month for the experiment since it is proposed as the month with 
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the worst conditions for drying potential. Since the study is investigating the possible worst 
drying conditions, all the wall assemblies are proposed to be facing the northern elevation, 
where there is no direct solar radiation. 
2.3.2 Moisture loading 
Keeping the initial state as uniform as possible for the moisture loading is of a great 
importance. In literature, researchers had difficulties in providing the same initial wet 
conditions before starting the drying process, these unequal initial conditions make it hard to 
establish a common yardstick for the drying capacity of different wall configurations with 
which to compare the relative performance of different building envelope systems. Therefore, 
to establish the drying capacity, the test set up should have the following characteristics (Fazio 
2004): 
• "The moisture source should be uniform for all the assemblies in the experiment. 
• The moisture source should be replenishable to provide enough moisture to 
establish moisture equilibrium in the components of the assembly, and to feed the 
drying mechanism. 
• The testing should be continuous. 
• The drying rate (or evaporation rate) should be monitored (weighed) on a 
continuous basis. 
• The climatic loading parameters (Tj, T0, RHj, RH0, DP) should be monitored on a 
continuous basis. 
• The interior of the stud cavity should have the minimum disturbance. 
The following set up would fulfill the above conditions: 
• A moisture source is to be placed over the bottom plate of the assembly between the 
two vertical studs. 
• A method for water insertion into the moisture source with a minimum disturbance 
for the stud cavity. 
1
 Unpublished report on Data analyses of test results and development of new methodologies for CRD 
hygrothermal test. Prepared by P., Fazio, A., Alturkistani, Q., Mao & J., Rao. 
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• The evaporation rate can be monitored and weighed on a continuous basis by sitting 
the moisture source on a load cell that is connected to a data acquisition system". 
Moisture source in the stud cavity 
A water tray on a load cell, set on top of the bottom plate of the stud cavity, provides the 
moisture source where rain penetration tends to puddle. Figure 2-1 demonstrates the water tray 
and load cell. Load cells (SCAIME Type AG) were used to measure the weight of the water in 
each tray. The nominal rated capacity of these load cells is 1 kg. Their accuracy is 1/4 grams. 
The water tray as shown in the figure is made of 3mm (1/8") thick clear acrylic sheets. The 
outside dimensions are 343mmxll4mm><38mm (13.5"x4.5"xl.5") to fit within the stud cavity. 
Each tray is divided into 5 compartments to provide three loading conditions of 1/3, 2/3 and 
3/3 of the surface area of the tray. Water is added by means of small flexible tubes through a 
plastic window and then sealed during the test. 
This water tray provides a uniform, measurable and repeatable moisture loading for the wall 
panels, and is not intended to directly simulate any particular pattern and condition of water 
penetration into the wall cavity nor to mimic the exact "real life" condition, rather, to highlight 
the drying process that would happen in a wetted stud cavity. The total amount of water 
evaporated includes the moisture added to the stud cavity, the moisture absorbed by different 
materials surrounding the stud cavity, and the water vapor leaving the stud cavity to either the 
indoor or outdoor environment (Fazio et al. 2006a). More detailed information about the load 
cell is given in Appendix C. 
-Vertical wood studs, 16" Glass fiber insulation 
r ra.r* 
Bottom plate 
Plastic screen N. 
Water tray 
.Insulation (rigid) v 
Load cells — 
Figure 2-1. Water tray and load cell (source: Fazio et al. 2006a) 
19 
2.4 Specimens' protocol2 
2.4.1 Different Wall Configurations 
The 31 wall assemblies represent different wall systems and configurations of complete wall 
sections, from cladding to interior finish. Components of each wall system consist of four 
layers (Fig. 2-2): 
1. Interior finish are the material(s) that provide(s) support for the finish coat, often paint, 
and provides control to vapor diffusion for cold climate loading; 
2. Insulated core consists of wood studs and the insulation between the studs; 
3. Sheathing consists of the sheets that close the inner wythe and provide lateral bracing 
to the wood frame; 
4. Cladding system consists of the materials providing rain management, including 
cladding, air space (or no air space) and weather resistive membrane. 
/ \ / X /
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Material and configuration 
a. Polyethylene and painted gypsum, or 
b. Painted gypsum 
c. 38 mm x 140 mm @ 400 mm cc with 
glass fiber batt insulation 
d. Oriented strand board (OSB), 
e. Plywood 
f. Fiberboard, or 
g. Insulation sheathing (polystyrene) 
h. Wood siding on furring and spun 
bonded polyolefin, or 
i. Cement stucco on metallic lath and two 
layers of weather resistive membrane 
Source: Protocol on Specimens (Derome, Fazio) 
Figure 2-2. Different configurations to be tested 
2
 Derome & Fazio 2004. 
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Except for the insulated core, each layer is provided with two opposite alternatives within the 
spectrum of available and normally used solutions. As a result, the following configurations 
were applied (Table 2-1): 
1. interior finish: 
• Slightly vapor-tight system [a]. 
• Highly vapor-tight system [b]. 
2. The insulated core has one option representing commonly used 2x6 wood frame 
structures with glass fiber insulation [c]. 
3. cladding system: 
• Totally vented cladding system with little moisture storage capacity [h]. 
• Simple capillary break and high moisture storage capacity [i]. 
4. sheathing: 
• Low vapor permeability [d]. 
• High vapor permeability [fj. 
• Intermediate value [e]. 
Insulated sheathing [g], with low permeability and impact on temperature gradients, is 
introduced in a few assemblies in order to include commonly available systems. Table 2-1 
shows the different wall assemblies' configurations subjected to Montreal-type loading. More 
information about material properties used in the test is included in Appendix A (Wu et al. 
2007). 
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* Numbers in this table refer to assembly number 
2.4.2 Wall assembly Frame Description and Dimensions 
Each wall assembly, consists of a central bay (area of study) made up of two 38mm x 140mm 
2x6 wood studs at 406mm (16") spacing sided by two guarded bays of 140mm {5lA") each and 
a boundary frame made up of 19mm (%") plywood boards to form a complete air separation 
between wall assembly frames. Figure 2-3 shows the general components of each wall 
assembly with all the dimensions including the overall height, width and depth for the wall 
assembly frame. 
2.4.3 Construction Methods 
Each wall assembly is constructed according to methods used in the field. Wall assembly 
frames are assembled using screws instead of nails for ease of disassembly. Wood studs are 
without any treatment; fiberglass insulation is forced fit between studs; polyethylene sheets are 
stapled; gypsum boards are installed using drywall screws as single piece for each wall 
assembly (so there is no junction taping); screws are covered with compound and sanded; paint 




























Figure 2-3. Wall assembly frame dimensions 
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2.5 Environmental chamber 
The environmental chamber is a large scale research facility that can be used for investigation 
of building envelope performances as a function of heat, air, and moisture transfer as well as 
the interaction between the building envelope and the indoor environment. Building envelope 
assemblies of up to 7.2m high and 4.1m wide can be tested in the chamber. The environmental 
chamber consists of two chambers to represent the dynamic outdoor and indoor conditions, the 
cold box and the hot box respectively. Between these two boxes, a rectangular frame is 
sandwiched, where building envelope assemblies can be built up or fixed (Fig. 2-4). 
The walls of the chamber are made of 150mm foamed polyurethane boards and laminated 
between 0.8mm aluminum sheets outside and 0.8mm stainless steel sheets inside. The cold box 
chamber is 7.5m high, 4.4m wide and 3.6m deep. To simulate outdoor weather conditions, the 
temperature could be varied from -40°C to 50°C. The mechanical equipment includes a 5 ton 
compressor, a 25 kW re-heating heater, and a 12000 cfm recirculation fan. The hot box is 7.5m 
high, 4.4m wide and 6.1m deep. Temperature ranging from 5°C to 50°C can be maintained, and 
relative humidity percentages ranging from 10% to 90% can also be generated. The hot box is 
equipped with a 600 cfm air circulation system, a humidification system, and a fresh air 
supply/return damper (Fazio et al. 1997). For the experiment undertaken, the facility was used 
as one big cold climatic chamber where both the hot box and the cold box were joined forming 










5°C to 50 °C 
10to90%RH 
Figure 2-4. Schematic drawing of the environmental chamber (after Fazio et al. 1997) 
Figure 2-5. The two story test hut inside the environmental chamber 
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2.6 Hut Design 
A test hut frame was designed to accommodate 31 wall assemblies in two stories, 15 in 
addition to the door assembly on the first floor and 16 wall assemblies on the second floor, 
using pre-engineered wood columns and beams. The interior dimensions of the environmental 
chamber were the start point for setting the hut frame dimensions as well as the final 
dimensions for the wall assemblies. The major elements of the hut were four 114mm x 140mm 
x 2642mm (AV2" x 5lA" x 8' 8") engineered wood columns for each floor, two 134mm x 241mm 
x 5442mm (5 W x 91/2M x 17' lOW) composite engineered wood beams for the first floor, which 
are cantilevered to allow for a walkway through for the northern and southern sides in the 
second floor and two 134mm x 241mm x 4496mm (5W x 91/2" x 14' 9") composite engineered 
wood beams for the second floor (roof). The eastern and western sides walkways were attained 
by the cantilevered 2x6 or 38mm x 140mm x 1003mm (V/2" x 5l/2" x 12' 3l/2") joists. Beams 
and columns were rapped with wood sheets encasements to accommodate the depth of the 
frames of the wall assemblies. Figure 2-6 shows the test hut layout for the first floor in relation 
with the environmental chamber (Test hut drawings are presented in Appendix B). 
3 inch Groove all 
the way around 










Figure 2-6. Test hut layout for the first floor 
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2.7 Design of Wall assembly 
A Mock-up for the wall assembly frame was first constructed to demonstrate the possible 
configurations and to test the design of instrumentation on the wall assembly including all 
wiring and gravimetric samples (material cut outs to monitor MC change). Gravimetric 
samples comprise two parts, drilling the whole in the sheathing material and cutting-out the 
sample from another sheet of the same material. The gravimetric sample with little sanding 
should fit the hole flawlessly. For the stud gravimetric samples, a cavity of 13mm x 13mm x 
13mm (/4" x /4" x Vi") is made in the corner of the stud and plates for the cubic samples to fit. 
Moisture content probes can be installed easily on the sheathing, while in the stud, thin holes 
are to be drilled and then the probes are hammered into the stud until the desired depth. 
Because each moisture content probe has to be coupled with a thermo couple, another thin hole 
is drilled to insert the thermo couple to measure the temperature at the same depth of the 
moisture content probe. 
Detailed drawings of the wall assembly were sent to Forintek in Quebec City, where the frames 
were first made. These drawings included dimensions and the steps to be followed to construct 
the wall assembly frame, plus details for what is needed for the instrumentation of each wall 
assembly. Forintek's part was to build the frames according to the following steps: 
• Cut all the materials to the specified dimensions, 
• Holes to be drilled in the left stud. There are three types of holes in different locations: 
o Moisture content probe holes. 
o Thermo couple holes. 
o RH sensors pass through holes. 
• Cavities for stud cubic gravimetric samples to be made, 5 in the right stud, 1 in the top 
plate and 1 in the bottom plate, 
• Openings to be drilled in all the sheathings for gravimetric samples (two drill bits with 
fixed diameter were provided), 
• Assemble the frames without sheathings. 
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2.8 Monitoring parameters of Instrumentation 
In the testing, several physical parameters are to be measured: weight, temperature, relative 
humidity, and moisture contents. Table 2-2 lists these parameters and the sensors used. Table 
2-3 shows a detailed allocation of these sensors (Rao 2004): 

















































One per specimen and one for zero drift correction 
Two RH per specimen 
One per floor inside the test hut 
Cold box and Hot box 
12 for temperature of MC sensors (4 in the stud and 8 on 
the sheathing) 
Note: in specimen no.4 there are 4 thermocouples in the 
stud only. 
3 independent: 1 in the centre of cladding, 2 on dry wall. 
indoor and outdoor air temperature close to specimens 
(4") 
air temperature over roof (2) 
each RH probe has a temperature reading 
12 MC probes: 4 in the vertical stud; 8 on the sheathing. 
Note: in specimen no.4 there are 4 MC probes in the stud 
only. 















Note: * MD=module for DAS 
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To provide the most accurate representation of the parameters measured and the least 
interruption to the hygrothermal conditions of the samples, the design of the location, 
configuration, installation and wiring of different sensors considered the characteristics of the 
sensor types and the wall assemblies under testing. That was the case as well with the 
gravimetric samples. Most of the sensors for each wall assembly were instrumented separately 
before being installed in the test frame. The types and locations for different types of sensors 
and samples are presented with a description of purpose for each sensor: 
2.8.1 Load Cell for measuring evaporation rate 
The weight of a water tray at the bottom of the stud cavity of each test wall assembly is 
monitored continuously by one load cell. A diagram for the setup is shown in Figure 2-7. The 
water tray is made of 3mm (1/8") thickness clear acrylic sheets with dimensions to fit within 
the stud cavity. Water is added regularly by means of a thin flexible tube through the finishing 
layer (acrylic sheet window) that remains sealed during the test. 
• Vertical wood studs, 16' 
Bottom plate 
Insulation (rigid) to avoid thermal bridge 
Glass fiber insulation 
Plastic screen 
Water tray 
. Insulation (rigid) 
Load cells 
Wiring cable for load cell: 
• DC voltage 
• Reference voltage 
• Output (value 
proportional to weight) 
Figure 2-7. Weighing system with load cells (source: Fazio et al. 2006a) 
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2.8.2 Thermocouples in each wall assembly 
The majority of thermocouples originate from the wall assemblies. The thermocouple wiring 
uses a direct connection method, where the two copper and constantan conductors are twisted 
together, then the tip portion (where the temperature will be measured) of the twisted wires 
were soldered, and finally brushed with liquid tape to provide electrical insulation. 
On each wall assembly, there are 15 thermocouple locations: one is on the cladding on the 
exterior side at the centre of the wall assembly, two on the gypsum board inside at the centre 
line 16 inches and 72 inches from the bottom end to measure the gypsum surface temperature 
at the same heights of the two relative humidity sensors inside the cavity. Four locations are in 
the stud and the remaining 8 locations are on the sheathing. These 12 thermocouples (in the 
stud and sheathing) are coupled with 12 moisture content probes (12 pairs of metal pins) to 
correct the moisture content readings. The exact locations for the thermocouples in the left stud 






















Outside view side view 
Figure 2-8. Thermocouple locations in the left stud and on sheathing of each 
wall assembly 
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2.8.3 Thermocouples for test hut 
The other thermocouples are for air temperature close to the wall assemblies. There are 6 
thermocouples outside the test hut at the perimeter about 102mm (4") from the wall 
assemblies, and 6 more thermocouples inside the hut with the same distance from wall 
assemblies for each floor. For these air temperatures, the thermocouple tip is shielded from 
radiation by a metal tube of 13mm (1/2") diameter (made from aluminum duct tape). Critical 
temperatures (such as test room temperatures) are measured by RTD (Resistive Temperature 
Detector) for precision and stability. Figures 2-9 and 2-10 show the locations for the 24 












Figure 2-10. Second floor air temperature thermocouple locations 
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2.8.4 Relative Humidity probes inside the Wall assembly 
On each wall assembly there were two RH probes on two different heights; 406mm (16") and 
1829mm (72") from the base of the wall assembly. The relative humidity probe places a sensor 
and miniaturized transducer circuit in one small package. Both RH and temperature outputs are 
available on the probe wiring, where each probe has 4 wires and uses two AI channels. Two 
probes are installed in each wall assembly, and two more for each floor of the test hut. RH 
sensors use 4 AI modules (each 32 input channels) in total. 
The RH probes are located inside the insulation cavity and the wires leading to the probes are 
fixed to the stud in the buffer zone area all the way down to the right corner of the assembly 
and grouped with the other wires. RH probes are hanged to taut nylon strings that were fixed 
across the two studs to provide more precise locations. A temperature sensor is embedded with 
each RH probe for measuring the temperature to determine the water vapor pressure from the 
simultaneously measured RH and temperature. Figure 2-11 indicates the locations of RH 
probes inside the wall assembly. Four more RH sensors are located in the cold box, hot box, 













(l'-2'/4") - (l'-2%") 
; 724mm. 





Figure 2-11. RH sensors positions in the wall assembly 
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2.8.5 Moisture content by metal pins 
Moisture contents of studs and sheathing are measured by resistive electronic moisture content 
transmitters. On each assembly, 12 probes (pairs of metal pins) were installed, with 4 in the 
stud (MCI, MC2, MC3 and MC4) and 8 on the sheathing (MC8, MC10, MCI 1, MCI2, MCI3, 
MCI4, MCI5 and MCI6) at the locations shown in Figure 2-12. The number does not 
represent the order of MC probes or just a labeling name; it represents the location on the stud 
and sheathing, where these locations correspond to the gravimetric samples locations with 
respect to the centre line. On the sheathing, the customized pins used small gold-plated pins 
similar in size and shape to the pins inside the connector for parallel port printers, but with 
solid copper core. The holes on the sheathing for the pins were pre-punched using a hand-held 
moisture meter. For the stud, stainless-steel probes with insulated shank, 51mm or 2" in total 
length, were used. A pair of small diameter holes, 25mm (1") long, was drilled from the 
guarded zone side to a depth of 13mm (1/2") away from the central stud space side. The probes 
were then hammered into the stud till the tips of the probes were 6mm (1/4") from the stud 
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Outside view side view 
Figure 2-12. Locations of Moisture Content pins in the wall assembly 
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2.8.6 Moisture Content by gravimetric samples 
Moisture contents of the materials in the wall assemblies can also be monitored by gravimetric 
samples. These samples are circular cut-outs from the sheathing materials, and cubical cut-outs 
from the studs. These samples are used to measure the moisture content in wood studs and in 
the different sheathing materials. The moisture content of a gravimetric sample is determined 
as the ratio of the moisture contained within the sample to the mass of the oven dry sample. 
There are 25 gravimetric samples in each wall assembly frame (except wall assembly 4, where 
there are no samples in the sheathing); 7 samples in the wood studs (4 in the vertical stud, 1 in 
the top plate and 1 in the bottom plate); and 18 samples in the sheathing material. On each of 
the locations 1 to 7, there are two gravimetric samples, one cubical sample in the corner of the 
stud with the dimensions 13mm x 13mm x 13mm Q/2" x V2" x V2") and one circular cut-out of 
the sheathing material with the diameter of 38mm (IV2"), where these samples act as both, 
gravimetric samples and as caps to remove and reach the stud samples. The gravimetric 
samples in locations 8 to 18 are circular cut-outs from the sheathing material with the diameter 
of 25mm (1"). More samples were positioned in the lower part because they will experience 
more moisture accumulation being closer to the water tray. Figure 2-13 shows the exact 
locations for the gravimetric samples and their identification labels. "SH" stands for sheathing 
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Figure 2-13. Locations of gravimetric samples in the wall 
assembly 
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2.9 Control of Test Conditions 
Conditions in the environment chamber and test hut need to be maintained during the testing 
periods. These conditions include: temperature and relative humidity. The methods of 
controlling these conditions include: automatic with industrial process controllers, simple 
thermostats, controls by DAS, and manual adjustment. 
2.9.1 HVAC equipment 
Exterior conditions for the test huts are provided by heating and cooling equipment located in 
the cold box and hot box. The interior conditions of a hut are maintained by a small combined 
conditioning unit placed inside each test room. The equipment of the cold box contains an 
evaporator for cooling, an electrical heater for heating and centrifugal fan for air circulation. 
The HVAC equipment of the hot box can also be used to supplement cooling, heating, and air 
circulating when needed. The HVAC needs inside each test hut floor is provided by equipment 
placed inside a plywood box 914mm x 914mm x 1219mm (3' x 3' x 4'). The box is designed to 
distribute the air to surrounding evenly. An air-conditioning unit is placed on outside of the hut 
for each floor. Air in the test hut is circulated through the A/C unit to provide cooling. The 
control of these units is by the DAS. A specially design logic circuit board is use in 
conjunction with DAS to provide protection against water overflow (from drain pan of 
dehumidifier) and overheating in case of break down of the A/C unit. In addition, safety 
provisions are to be installed to cut off power to equipment and devices when abnormal 
situations occur. For example, when the cooling system fails and temperature in the large 
chamber rises to a preset value, the power to the heating equipment will be cut off to protest 
against further temperature increase in the chamber. 
2.9.2 Data Acquisition System 
The functions of the Data Acquisition System "DAS" are (Rao 2004): 
1) to monitor and save the conditions of wall assemblies under testing, 
2) to maintain test conditions, and 
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3) to provide runtime display and plotting to assist the operator to judge the status of on-
going testing. 
The DAS has a total of 1,200 input channels and 22 output channels. Some reserves are 
allocated in DAS to replace channels that have problems during the testing. The configuration 
of the DAS was designed to be better suitable for the undertaken experiments. The 
improvements demonstrate in two aspects: distributed DAS and integrated measurement for 
moisture contents. The DAS consists of three data acquisition centers (DACs). A DAC here 
denotes a collection of data acquisition (DA) hardware that can read data from a large number 
of sensors and are located in one centralized chassis. A center could be a stand-alone DAS, it 
can also be just part of a DAS (for systems with multi-chassis). The three DACs are the current 
data acquisition system (DAC 0) and two remote DACs (DAC 1 and DAC 2). The DAC 0 will 
be used to measure RH, MC, test conditions, controller status, and other sensors in the chamber 
but out of the test huts. The two remote DACs will be placed in the two floors of the test hut, 









Test hut 2 
Test hut 1 




3.1 Test Hut Construction 
The test hut frame was constructed by two professional carpenters with students' help, 
according to the shop drawings with some of the details modified during construction. The 
following figures show the steps of construction of the hut frame. 
Figure 3-1. Environmental chamber before starting 
construction 
Figure 3-2. Base studs and plywood footings for 
frame columns 
Figure 3-3. Base studs and perimeter finished Figure 3-4. Base insulation 
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Figure 3-5. First floor flooring 
Figure 3-6. Engineered columns fixing 
Figure 3-7. Joists installation supported by 
engineered composite beams 
Figure 3-8. Cantilevered joists for second-floor 
walkway 
Figure 3-9. Composition of column, beam and joists Figure 3-10. Flooring for the walkway on the 
second floor 
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Figure 3-11. Composition of column, beam and joists 
with second floor flooring 
Figure 3-12. Fiberglass insulation beneath the 
walkway 
Figure 3-13. Fiberglass insulation in the first floor 
ceiling 
Figure 3-14. Encasements of main and secondary 
beams 
Figure 3-15. First floor ceiling sheets Figure 3-16. Cutting plywood ceiling sheets around 
stair-case opening 
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Figure 3-17. Placing composite beam at roof of the 
second floor 
Figure 3-18. Detail of second floor engineered 
column, composite beam and roof joists 
Figure 3-19. Roof joists fixed in place Figure 3-20. Opening for AC unit in the roof 
Figure 3-21. Roof sheets in place Figure 3-22. Fiberglass insulation in second floor 
ceiling 
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Figure 3-24. Roof of test hut 
Figure 3-23. Columns' encasements to accommodate 
the width of the wall assemblies frames 
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3.2 Wall assemblies implementation 
3.2.1 Wall assemblies Instrumentation and Installation 
The implementation of the instrumentation for the wall assemblies involved different tasks, 
from the set-up phase described earlier, to the preparation phase, and then to the 
implementation phase. The preparation phase included preparing and cutting all the wires for 
different parameters to the exact calculated lengths, this was done while the wall assembly 
frames were being prepared at Forintek. Figures 3-25 and 3-26 show the wires for the moisture 
content probes for both stud and sheathing. To better illustrate the whole process, the 
implementation of wall assemblies is described in the same order as they were instrumented 
and assembled. 
Figure 3-25. Sheathing MC metal pins 
Figure 3-26. Stud MC probes 
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3.2.2 Wall frames 
Wall frames were made at Forintek in Quebec city as mentioned earlier. The wall frames were 
then shipped to the lab in Montreal in several deliveries (Fig. 3-27). 
Figure 3-27. A group of wall assembly frames ready to be instrumented 
3.2.3 Installation of MC probes in the stud 
To install the MC probes in the stud, the whole frame was disassembled to take the left stud 
out. The MC probes were then hammered perpendicularly till the needed depth. The 
thermocouple wires were inserted at the same time after brushing the tip with liquid tape (Fig. 
3-28). All the wires were then organized for the four locations in a way that they do not run 
over each other so it can be traceable. 
Figure 3-28. Installation of MC probes in left stud 
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After installing the MC probes in the left stud, the frame was reassembled with checking the 
cavity spacing between the two studs (368mm or I4V2" with a tolerance of 0.8mm 1/32"), 
which is important for placing the Load Cells and their nets. 
3.2.4 Sheathing wiring and installation 
Wires were organized on the sheathing to reach the various locations and to be traceable (Fig. 
3-29). The hand-held MC unit was used to punch two tiny holes on the material for inserting 
the two gold pins (with wires already soldered on the end of the pins). Electrically conductive 
glue is used on the pins when inserting for maintaining good contact during and after insertion. 
Then, liquid tape is used as electrical insulation to cover the exposed metal ends. 
All the wires were then directed towards the lower right corner inside the buffer zone and 
grouped to be taken out from the wall assembly (Fig. 3-30). Then the sheathings were installed 
to the wall assembly frames and were ready for cladding installation. 
Figure 3-29. MC and TC wiring on different types of Figure 3-30. MC and TC wiring organization on 
sheathings the sheathing 
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3.2.5 Gravimetric samples preparation 
Gravimetric samples were cut out from samples of the same sheathing materials used in the 
experiment (Fig. 3-31). Each sample was sanded down to fit a specific location (Fig. 3-32), and 
marked with an identification number. The same is done for the stud gravimetric samples. 
Sheathing samples are taped around the perimeter and equipped with screws for ease of 
placement and removal. Two types of screws were used: a normal screw for the samples 
behind wood siding cladding, where there is an air gap (Fig. 3-33 right), and eye screws for the 
samples behind stucco cladding, where there is no gap between sheathing and cladding, 
installed in a way that they do not protrude over the surface (Fig. 3-33 left). 
Stud gravimetric samples were first equipped with eye screws, and then painted with two coats 
of latex vapor barrier primer-sealer on the four sides in contact with the stud. 
a b c d 
Figure 3-31. a) OSB sheathing gravimetric samples, b) plywood samples, c) fiberboard samples and d) stud 
gravimetric samples 
3.2.6 Installation of wall assemblies into the hut 
The 12 stucco wall assemblies were installed first before stucco application, the remaining 15 
wood siding wall assemblies and the 4 with no cladding assemblies were installed afterward. 
Small wood spacers were inserted between wall assemblies and in gaps between the assemblies 
and column/beam encasements to screw the wall assemblies in place. Figure 3-34 shows three 
stucco wall assemblies fixed in place. 
Four pieces of 2x6 studs 127mm (5") high are cut and screwed under each wall assembly in the 
test hut to raise the wall assemblies off the floor to have space for passing and organizing the 
wires (Fig. 3-35). 
Figure 3-34. Three Stucco wall assemblies installed Figure 3-35. Stud pieces under wall assemblies 
inside test hut 
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3.2.7 Cladding Installation 
3.2.7.1 Wood siding 
Wood sidings were installed on the wall assemblies in the lab space with a help of a carpenter 
before installing the assemblies in the test hut. Then, the wall assemblies were installed in the 
test hut. For the gravimetric samples collection, instead of making windows in the wood 
sidings, the one or two whole wood sidings were made removable depending on sample' 
locations while the other sidings were fixed. The process of preparing the wood siding wall 
assemblies involved the following: 
• Caulking was applied around the exterior perimeter of the sheathing. 
• Tyvek paper (spun bonded polyolefin) was stapled to the sheathing after cutting 
openings for sample(s) removal. These openings were to be used many times for each 
gravimetric sample collection day. Therefore, the openings were taped in a way to 
continue being air tight (Fig. 3-36). 
• Two 19mm x 38mm 1x2 furring strips are then installed at two vertical sides of the wall 
assembly. 
• The fixed sidings then were screwed in place. 
Figure 3-37 shows a wood siding wall assembly ready to be installed in the test hut as well as it 
shows the removable wood siding(s) for samples collection such as the one in Figure 3-38. 




Figure 3-37. Removable wood siding(s) in a wood siding assembly 
Ik. - 4» "I 
Figure 3-38. Removable wood siding 
52 
3.2.7.2 Stucco cladding 
Stucco was applied by two specialized workers to the 12 stucco wall assemblies which had 
been installed and prepared in the test hut. Windows (Fig. 3-39) were made in the stucco to 
allow the removal of the gravimetric samples. On each wall assembly there were 7 stucco 
windows with three sizes depending on sample locations. These windows comprised: (i) two 
rectangular shape frames made of PVC strips cut to pre-determined dimensions and glued 
together, (ii) an outer frame that was fixed directly to the sheathing over the weather resistive 
membrane with flat head screws, and (iii) an inner frame that slides in and out to give access to 
the gravimetric samples (Fig. 3-39). 
Figure 3-39. Inner part of a stucco window 
The process of preparing the stucco wall assemblies involved the following: 
• Two layers of construction felt paper (weather resistive membrane) were stapled to the 
sheathing. Openings were cut in the felt paper behind the stucco windows' locations for 
gravimetric samples removal. 
• The outer frames for the stucco windows were fixed in place. 
• Steel mesh was stapled over the felt paper. Openings were cut in the mesh to fit around 
the fixed plastic frames. 
• The above steps were made outside the chamber in the lab space. Then, the wall 
assemblies were fixed in their locations inside the test hut. 
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The inner parts of the stucco windows were inserted in the outer fixed frames and the 
small gaps in between the windows and the fixed frames were taped to avoid the 
intrusion of stucco while it was being applied. Then stucco was applied in three coats 
one day apart with a final thickness of about 25mm (1"). 
Figure 3-40. Applying the first coat of stucco onto 
the sheathing 
Figure 3-41. Stucco application finished 
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3.2.8 Connecting the wires to terminal blocks and DAS 
Wiring to moisture content and thermo couple sensors were connected first and then tested to 
check for any faults. All wires were organized, grouped into the lower right corner and brought 
out of the assembly frame (Fig. 3-42), connected to the terminal blocks (Fig. 3-43), and then 
placed inside small boxes for protection. All the cables were organized beneath the wall 
assemblies to be protected from damage or from being stepped over. 
Figure 3-42. Wires coming out of wall assemblies 
Figure 3-43. Thermo couple and moisture content terminal blocks 
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3.2.9 RH sensors installation 
Two taut nylon strings were fixed across the two studs of each wall assembly at the heights of 
406mm (16") and 1829mm (72"). The RH probes were cantered in the cavity (Fig. 3-44). 
Again, data readings were monitored and tested for RH sensors. 
Figure 3-44. RH sensors installed 
Figure 3-45. Close-up picture for an RH sensor 
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3.2.10 Installation of load cell (LC) and net below insulation 
Load cells were placed over the bottom plate in all the wall assemblies. The LC cable is passed 
through a hole drilled in the bottom plate and frame. All the load cells were checked and tested 
through the DAS. The nets above the load cells were installed to hold the fiberglass insulation 
in place and to prevent debris to fall in the water trays (Fig. 3-46). 
Figure 3-46. Load cell placed and net installed 
3.2.11 Installation of fiberglass, vapor barrier and gypsum board 
After all of the wiring is done and all sensors checked through readings from the data 
acquisition system, all moisture content pins on the sheathings were brushed with liquid tape. 
Then, the fiberglass was installed (Fig. 3-47) taking care that the RH sensors were properly 
positioned within the insulation (Fig.3-48). 
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Figure 3-47. Fiberglass installed 
Figure 3-48. RH sensors embedded in the insulation 
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Polyethylene sheets were stapled to 19 wall assemblies according to Table. 2-1. A cut out was 
made in the sheet not to block the LC window (Fig. 3-49). 
Figure 3-49. Vapor barrier installation 
Gypsum boards were numbered for each wall assembly and cut to the specific dimensions. 
Small rectangular pieces were cut out at the bottom for the LC windows made of acrylic. All 
the boards were painted in the lab with one primer and two coats of paint applied one day 
apart. The gypsum boards were taken inside the hut and installed onto the wall assemblies, 
followed by caulking around the perimeters. Screws were covered with sealing compound 
which was then sanded. 
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3.2.12 LC and water tray windows installation 
The last step in closing the wall assemblies was to fix the clear acrylic sheet window over the 
rectangular cut-out area on the drywall on each wall assembly. The acrylic window was 
fastened with four screws to the studs through the gypsum board. The window perimeter was 
sealed with clear peel-off caulking for easy removal to gain access to the moisture source 
assembly. Access holes were provided on the acrylic window, which would be opened to insert 
a plastic tube and add water to the water tray when required (Fig. 3-50). 
3.2.13 Air tightness of the test hut 
All the gaps beneath the wall assemblies were closed by fitting rigid insulation boards cut to 
size to provide thermal insulation and then caulked for air tightness. The same was done in the 
gaps around the AC units in both the first floor and on the roof. All other gaps between the 
wall assemblies and between the wall assemblies and column/beam encasements were filled 
with regular expanding foam insulation from both inside and outside (Fig. 3-51). 
Figure 3-50. LC and water tray window installed Figure 3-51. Filling the gaps with foam insulation 
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3.2.14 Organizing the wires beneath wall assemblies 
After connecting and checking, all wires and cables were organized beneath the wall 
assemblies in a way that they cannot be damaged or stepped on. Plywood sheets were cut to fit 
and screwed to the bottom of the wall assemblies to protect the wiring and to provide access 
when required (Fig. 3-52). 
Figure 3-52. Cables organization beneath wall assemblies 
3.2.15 HVAC System Inside the test hut for first and second floors 
The HVAC box inside the first and second floors in the test hut included a heater, humidifier, 
and dehumidifier (Fig. 3-53) to maintain indoor conditions. A fan was fixed on top of the box 
to distribute the air evenly. 
Figure 3-53. HVAC system inside each floor in the test hut 
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3.3 Locating wall assemblies inside the test hut 
As stated earlier, there are 12 wall assemblies duplicates, 6 with stucco cladding and 6 with 
wood siding cladding (Table 2-1). First, the stucco wall assemblies were located in the 
northern and southern sides of the test hut, where there was more space for the stucco 
contractors to maneuver while applying the stucco. Second, wall assemblies 1, 2 and 3 were 
installed on the eastern side. These wall assemblies have no duplicates. Thirdly, wall 
assemblies 29, 30 and 31, also without duplicates, were installed on the second floor above 1, 
2, and 3, respectively. Fourthly, wall assembly 4, the only one with polystyrene insulation 
board as the sheathing, was positioned on the second floor in the same location as the door on 
the first floor. Figures 3-54 and 3-55 show the locations of the wall assemblies on the first and 
second floors respectively. 
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Figure 3-54. Locations of wall assemblies on the first floor 
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The project in this thesis focused on an experimental study to develop new testing 
methodologies. The test methodology presented in this chapter includes the loading conditions 
including temperatures, relative humidities, and moisture source within the stud cavity. Five 
test runs are described. Indoor and outdoor conditions are maintained at steady state for the 
different test periods. The conditions adopted represent worst possible outdoor drying 
conditions as obtained from the weather analysis. A protocol to collect the 757 gravimetric 
samples was established to govern the collection of data from these samples on a weekly basis 
to monitor the moisture content change of the different materials in the wall assemblies. 
4.1 Weather data conditions 
Indoor conditions were set at: 
• Temperature: 21°C 
• RH: 35 % 
Outdoor conditions were based on the weather data analysis carried out by Candanedo et al. 
(2006). The 10% worst drying conditions were selected in the ranking years based on monthly 
average drying index "DI" for each month for the different test periods. For test periods 1 (1/3 
pf water tray filled) and 2 (2/3 of water tray filled), conditions for the month of October were 
used since October emerged from the analysis as the month with the worst conditions for 
drying potential. The outside temperature and relative humidity RH were then obtained from 
the "Index Rank per Month" information. The year of 1977 was selected having the following 
outdoor conditions: 
• Temperature: 8°C 
• RH 76%. 
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4.2 Hygrothermal test - Montreal conditions 
4.2.1 Pre-conditioning of the test hut 
In early spring of 2005, before installing the wall assemblies into the test hut frame inside the 
environmental chamber, the materials for the wall assemblies were relatively dry. Pre-
conditioning of the test hut started at 15:10 on April 17th, 2005 with the following conditions: 
• Temperature: 20±2 °C 
• RH: 40% 
4.2.2 Establishment the base line 
The main objective of the period to establish the base line was to attain steady state conditions 
th 
at the start of the test. The period to establish the base line started at 13:50 on June 29 , 2005 
with the following outdoor conditions: 
• Temperature: 8°C 
• RH: 65 % (and set to 76% on July 8th at 10:45) 
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4.2.3 Test program 
4.2.3.1 Test period 1 
After reached approximate steady state conditions for the test parameters (MC, T0, Tj, Rh0, and 
RHj), test period #1 was started at 14:20 on July 18th, 2005 with the outdoor conditions set at T 
= 8 °C and RH = 76% corresponding to the month of October. Water was added to the middle 
compartment (1/3) of the trays at the bottom of the stud cavities. This test period lasted 12 
weeks and two days. 
4.2.3.2 Test period 2 
Test period #2 started on October 12th, 2005 by adding water to the second compartment of the 
water tray, thus increasing the water surface area to 2/3 the tray total area. This test period 
lasted for 16 weeks. The climatic conditions were kept at T = 8 °C and RH = 76%. 
4.2.3.3 Test period 3 
On February 2nd, 2006, test period #3 started by changing the exterior weather conditions to 
those of the month of April in the Weather Data Analysis (Candanedo et al. 2006) representing 
spring conditions of T = 5 °C and RH = 69%. The test ran for four weeks till March 2nd, 2006. 
4.2.3.4 Test period 4 
Test period #4 ran for four weeks, from the 2nd till the 30th of March 2006, to simulate the 
month of May in the Weather Data Analysis with outdoor conditions set at T = 12 °C and RH = 
70%o. The moisture load was reduced to 1/3 the surface area of the water tray. 
4.2.3.5 Test period 5 
In test period #5 conditions were set to dry the wall assemblies under June outdoor conditions 
of T = 17°C and RH = 68% and no water in the trays. This test period ran for four weeks from 
March 30th to April 27th, 2006. 
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4.3 Gravimetric samples protocol 
Moisture contents of the materials in the wall assemblies were monitored manually by 757 
gravimetric samples. The MC of a gravimetric sample is determined as the ratio of the 
moisture contained within the sample to the mass of the oven dry sample. Since most of the 
data analysis to be performed is based on the data gathered from the gravimetric samples, the 
accuracy of the readings of these gravimetric samples is of a great importance in order for the 
results to be reliable. Different measures were taken into consideration in the development of 
the gravimetric samples protocol to enhance the accuracy of the data. 
4.3.1 Initial moisture content of gravimetric samples 
All samples were placed within the chamber under controlled conditions for 6 weeks to acquire 
the same initial moisture contents as the other materials in the wall assemblies. Typically two 
samples for each material were oven dried to set a preliminary benchmark for the dry weight of 
the samples. The following initial moisture content values were calculated and assumed for all 
the samples: 
• OSB: 3.8% 
• Plywood: 4.9% 
• Fiberboard: 5.1% 
• Stud: 4.0% 
4.3.2 Collection Process of Gravimetric Samples 
There are 757 gravimetric samples to be collected, weighed, and replaced once a week. Due to 
this large number of samples, a procedure was established consisting of: removing the 
gravimetric sample from the assembly components, taking it to the scale, weighing it, taking it 
back, and re-installing it. This procedure was to be performed as quickly as possible to prevent 
the sample from gaining or losing moisture. The duration of this procedure is referred to as the 
gravimetric "sample travel time". 
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4.3.3 Samples enclosure during collection process 
One way to collect the samples is to put them in "zip bags", which could be considered the best 
enclosure for tightness with the minimal evaporation of the sample's moisture content. 
However, collecting the samples in zip bags is a time consuming process. The bags have to be 
zipped open and closed three times in the whole process, in collecting, weighing, and re-
installing. Moreover, the gravimetric sample's identification number has to be checked twice, 
while weighing and re-installing, which will add more time to the "sample travel time" and 
consequently to the whole collecting process time. 
The other option was to use simple plastic openable containers with movable dividers, where 
the dividers were arranged in a way that each sample has its own compartment. To have better 
moisture tightness, the dividers were fixed and sealed with epoxy glue. Gaskets were taped on 
the openable part of the container to ensure tightness when closing. Before using these plastic 
containers, the evaporation rate of the gravimetric samples inside has to be determined and 
compared to the evaporation rate of the samples inside zip bags for similar time periods. 
4.3.4 Evaporation rate of samples (during collection process) 
A small test was carried out to determine and compare the evaporation rate of the gravimetric 
samples while being in zip bags and in the plastic container. Six samples, two OSB, two 
plywood, and two fiberboard samples were soaked in water for 18 hours to reach high moisture 
contents because samples with high moisture contents will experience higher evaporation rates. 
The test was held inside the test hut. The parameters were 21°C and 35% RH inside the test hut 
and 8°C and 77% RH outside the test hut. Table 4-2 shows the evaporation rates according to 
time and the change in moisture content (A MC) in different time intervals. It was concluded 
from table 4-2 that in extreme wet conditions of 77% MC in the plywood and 51% MC in the 
fiberboard, when using the plastic trays, the evaporation rate could reach 1% for plywood and 
fiberboard gravimetric samples after 60 minutes; hence, it was decided to keep the "sample 
travel time" at 60 minutes or less. 
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4.3.5 Gravimetric samples collection procedure 
A procedure was developed after testing a few methods for the collection process. This 
procedure consists of the following: 
4.3.5.1 Collecting personnel 
Four students worked in the collecting process; each student had a specific job to do as 
follows: 
• The Collector was responsible for collecting the gravimetric samples from the wall 
assembly and put them in the containers. 
• The Transporter was responsible for taking the containers from the collector to the 
Weigher and then take them back to the Re-installer, as well as writing some notes if 
there was any problem with the gravimetric samples. 
• The Weigher stayed inside the test hut to weigh the gravimetric samples in the scale and 
record the data in the tables. 
• The Re-installer was responsible for putting back the gravimetric samples in the wall 
assembly. 
70 
4.3.5.2 Collecting containers 
Because of the size of the container and to make the "sample travel time" shorter, two 
containers were developed to collect the samples from each wall assembly, "Top" and 
"Bottom" containers, where the samples in each wall assembly were grouped into top portion 
samples and bottom portion samples. There are 11 samples in the top portion and 14 samples 
in the bottom portion. These samples were arranged in the container's compartments in a way 
that the collector always starts collecting the samples from top to bottom and from left to right 
in the wall assembly. So the collector goes by the order of the samples in the wall assembly 
and starts filling the compartments that have the same order. The weigher goes in the same 
order while weighing the samples with a very fast check on the sample's identification number, 
where the samples are listed in the recording tables in the same order (left to right and top to 
bottom). 
4.3.5.3 Order of collection 
The collector always starts collecting the top portion samples, and when he finishes, he starts 
collecting the top portion samples of the next wall assembly. After getting back the samples, 
the re-installer starts installing back the samples in the top portion for the wall assembly from 
where samples were first collected. In this way the re-installer always follows the collector 
without running into each other. After finishing all the top portions for the wall assemblies, the 
collector starts collecting the bottom portion samples from the first wall where he first started 
collecting the top portion samples from and in the same order until he reaches the last wall 
assembly in the first floor. The same procedure is done for the wall assemblies in the second 
floor. 
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4.3.5.4 Containers' window: 
To avoid opening and closing the hut door too many times during the collection process, which 
would affect the indoor conditions, a small window was made in the door (with a gasket in the 
perimeter to insure air tightness when closed) to transfer the samples' containers in and out. 
This window is just big enough to transfer the containers between the transporter and the 
weigher (Figs. 4-5 and 4-6). 
4.3.6 Gravimetric "Samples' Travel Time" 
As mentioned above, the most important factor in the samples collection process is the "sample 
travel time". This is the time needed for each gravimetric sample to travel from the original 
location in the wall assembly to the scale to be weighed and then back to be re-installed in its 
location. The travel time for the sample depends on several factors: whether it is at the top or 
bottom of the wall assembly, type of cladding, stucco or wood siding; whether there is another 
layer of rigid insulation sheathing or not, and whether it is on the first or second floor. Many 
traveling times were recorded. The average travel time was about 5.5 minutes with a maximum 
of 7 minutes in worst cases. Going back to table 4-2, it can be seen that the highest change in 
moisture content (margin of error) in 10 minutes is less than Vi %. 
4.3.7 Errors encountered with gravimetric samples 
With the use of a high precision scale, the error in reading due to the accuracy of the weighing 
scale is negligible. However, errors can be introduced due to installation and the sampling 
procedure. The small gravimetric sample in a cut-out hole in the tested wall assembly may not 
have the same moisture content as would be in the wall assembly at that specific location had 
the hole for the sample no been made. For example, the original hygrothermal behavior of the 
wall assembly could be affected due to sample installation, e.g. the contact between the sample 
and material can diminish the liquid transport and thus affect the overall moisture transport in 
the components of the wall assembly (Teasdale-St-Hilaire 2006). Some air leakage may occur 
through the crack between sample and material, thus depositing condensation moisture around 
the edges of the sample. 
72 
To minimize these types of errors, all sheathing samples were taped around the perimeter to 
prevent moisture transport and hygrothermal interaction between the gravimetric sample and 
its surrounding in the sheathing material. The taping ensured that the moisture gain in the 
gravimetric samples is attained by vapor diffusion. The stud gravimetric samples were painted 
with two coats of INSUL-AID latex vapor barrier primer-sealer on the four sides making 
contact with the stud. Other types of errors include recording mistakes of scale readings due to 
the large number of samples and the breaking and splitting of small pieces of samples were 
kept to a minimum by using some adjusting procedures. 
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Figure 4-1. Taking out a stucco window in a stucco 
wall assembly to access gravimetric samples 
Figure 4-5. Removing the insulation cap for the 
containers' window in the door of the test hut 
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Figure 4-2. Collecting gravimetric samples in a 
stucco wall assembly 
Figure 4-4. Collecting gravimetric samples in a 
wood siding wall assembly 
Chapter 5 
RESULTS & COMPARATIVE ANALYSIS 
In this chapter, samples of the different types of data outputs that are used through out the 
different chapters of the study are presented. Comparative parametric analyses are carried out 
between the different wall configurations by illustrating the effect of a specific parameter on 
the MC change while the other parameters are kept constant. The MC information is also used 
to perform comparative analysis on the moisture absorption vs. height for the different wall 
configurations. More data analysis is carried out for the stud cavity conditions of the different 
wall assemblies. 
The MC readings from the metal pins were not used in this study since high levels of moisture 
content occurred in the lower parts of the sheathings, especially in the wall assemblies with 
stucco cladding. The resistive MC metal pins can only measure MC between 6% to wood fiber 
saturation (about 28% depends on wood species). Values measured above the fiber saturation 
are not exact reading (Rao 2004). Hence, the MC readings from the gravimetric samples, being 
more accurate than those obtained from the moisture pins, are presented and discussed 
throughout this study. 
5.1 Types of results 
The data generated for the different parameters through the DAS include: weight of moisture 
source, temperature, relative humidity, moisture content. The data base contains all the 
readings for the different parameters recorded every 10 minutes for the whole 5 test periods in 
addition to the period to establish the base line. For each parameter over 43 000 reading point 
was recorded. The accumulated evaporation from the water trays inside the 31 wall assemblies 
was monitored by recording the readings of the load cells. Thermocouple (TC) readings were 
generated for the locations inside and outside the test hut to monitor the indoor and outdoor 
conditions. Four hundred and fifty seven TCs were also installed in the wall assemblies. 
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Relative humidity (RH) readings were recorded for the indoor and outdoor conditions. Two 
locations inside each stud cavity of the 31 wall assemblies were also monitored for RH. The 
data base also contains all the electronic moisture content readings generated for the sheathings 
and stud components of the different wall assemblies. 
5.1.1 Accumulative evaporation 
During the experiment, the DAS recorded the weight of the water tray on a continuous basis at 
10-minute intervals. The evaporation rates for all the wall assemblies were recorded within a 
gram of accuracy for the whole test period. Figure 5-1 shows the accumulated evaporation 
values for the 31 wall assemblies for test period 1 and part of test period 2. The accumulated 
evaporation curves for each of the 31 wall assemblies are presented in Appendix D for the 
whole experiment period. 
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5.1.2 Relative humidity readings 
On each wall assembly, there were two RH sensors to measure the relative humidity as well as 
the temperature for the two locations (406mm or 16" and 1829mm or 72" from the bottom) 
inside the building envelope (Fig. 2-8). These RH and temperature readings were used for 
vapor pressure calculations inside the stud cavities for the different wall assemblies. Figure 5-2 
shows the calculated vapor pressures in the lower location inside the stud cavity for all the wall 
assemblies for the 5 test periods. It can be noted that the vapor pressure for test periods 1, 2, 3, 
and 4 (with moisture loading) for all the wall configurations was higher than both the interior 
and exterior vapor pressures. 
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Figure 5-2. Calculated vapor pressure values for the 31 wall assemblies in the lower location inside the stud cavity 
(16" from the base of wall assembly) for the 5 test periods. 
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5.1.3 Moisture content profiles by gravimetric samples 
The moisture contents in the 25 gravimetric samples in each of the 31 wall assemblies were 
calculated and plotted for the total duration of the experiment. Figure 5-3 shows one example 
of MC profiles for the 5 test periods for wall assembly 6 with OSB sheathing, stucco cladding, 
and a vapor barrier for the 25 gravimetric samples. The MC profiles for all the 31 wall 
assemblies for the whole experiment period are presented in Appendix E. 
Date 
Figure 5-3. MC profiles for the 25 gravimetric samples in wall assembly 6 (OSB, stucco, and vapor barrier) for 
the 5 test periods 
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Using Surfer® 8 software5, the moisture content for the sheathing was mapped and has been 
presented graphically to understand and visualize the MC absorption distribution in the 
sheathing. This representation was based on the MC of the sheathing gravimetric samples and 
will be presented in frames, where each frame represents the MC in the sheathing for a certain 
day. MC Readings were collected once a week. The frames were generated for every second 
data collection day (every two weeks) for the 5 test periods and the baseline establishment 
period shown in Figure 5-3. Figure 5-4 shows the different MC absorption conditions (right 
side) as well as the corresponding time sections in the MC profile plot (left side) for wall 
assembly 6 (OSB, stucco and vapor barrier) for the total experiment duration. This wall 
assembly was chosen because it provided the worst case scenarios. 
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Figure 5-4. Different MC absorption conditions (right side) and the corresponding time sections in 
the MC profile plot (left side) for wall assembly 6 (OSB, stucco and vapor barrier) for the total 
experiment duration 
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5.2 Comparative data analysis for test period 1 
The aim of the comparative data analysis is to perform different types of comparative studies 
to evaluate the relative performance of the different configurations and thus the different 
building systems, where the relative performance of these systems is important to move the 
design of building envelope systems from a thumb-rule approach to an engineering approach. 
Comparative analyses were carried out for test period 1 (See Fig. 5-3). These comparative 
studies were applied on a number of wall assemblies with different configurations to study the 
effect of certain parameters on the relative performance of these wall configurations. 
5.2.1 Evaporation rates for different wall configurations 
The evaporation rates for the time period of July 18l to September 7th, 2005 (in test period 1) 
of all the assemblies form consistent trends, but with different average daily evaporation rates 
or slopes for the different wall assemblies (Figs 5-5 & 5-6). This rate difference is attributed to 
the micro environments above the water surface that are governed by the characteristics of the 
wall panels, to the properties of materials around the stud cavity in the assemblies, to the 
difference in water temperature in the trays that varies according to different configurations, 
and to potential air leakage in the wall panels as stated in protocol on loading (Fazio 2004). 
The air leakage of the assemblies was limited to the air movement across the sheathing (and 
stucco cladding) through cracks in joints and gravimetric sample holes under stack effect, since 
the cracks around screws on the drywalls were well sealed with caulking. 
The evaporation rate was typically higher for the fiberboard sheathings followed by the 
plywood and the OSB sheathings (Figs 5-5 & 5-6b). In several instances, this pattern breaks 
down due to the influence of other factors on the drying capacity such as possible air leakage. 
For example, the OSB-sheathed wall panel had a higher evaporation rate than the plywood-
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Figure 5-5. Evaporation rates for the three types of sheathings with the same type of 
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Figure 5-6. Evaporation rates for wall assemblies 5, 7, 9 and their duplicate wall 
assemblies 17, 19, 21 (three types of sheathings with the same type of cladding of 
wood siding and with vapor barriers) 
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5.2.2 Comparative parametric analysis 
Under moisture and climatic loadings applied, different wall configurations yield different 
drying capacities which can be influenced as well by the other parameters of the building 
envelope assemblies. By holding some of these parameters constant and varying others, the 
relative impact of each parameter can be established. Moreover, a comparative correlation can 
be established between the wall configuration and its drying capacity or drying evaporation 
index "DEI", since a uniform climatic loading is applied to all of the assemblies. 
In this section, MC data (by gravimetric samples) for sheathing, right stud, top and bottom 
plates are presented and discussed to perform comparative studies between the different wall 
assemblies by illustrating the effect of a specific parameter on the MC change while the other 
parameters are kept the same. Each time, data were presented and compared for a number of 
wall assemblies that have the same configuration with only one variable to check the effect of 
this variable on the MC change for the gravimetric samples analyzed. 
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5.2.2.1 Effect of adding water to the trays on MC 
Figure 5-7 shows the MC profiles of the 25 gravimetric samples of assembly #8 (plywood 
sheathing, with vapor barrier and stucco cladding) for the period from Apr. 17l to Sep. 7 l , 
2005. The MCs increase at different rates over the three stages: (i) preconditioning of the 
assemblies, (ii) the test conditions with no water in wall assemblies, and (iii) the test condition 
with water added to the trays (moisture loading). Two general patterns in the rates of MC 
increases were observed: one at the start of the test conditions and the other at the time the 
water was injected into the trays. The effect of water injection was different for gravimetric 
samples at different locations. The profiles indicate that the MC in the gravimetric samples in 
the lower part of sheathing and stud close to the evaporation source increased significantly, 
while the change was less evident for the other samples in the upper regions of the assembly. 
These results indicate that moisture from the water tray at the bottom plate would create in the 
cavity a profile of the RH, which varies from close to 100% in the neighboring of the water to 
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Figure 5-7. Effect of water injection on MC change for wall 
assembly #8 (plywood sheathing, with vapor barrier and stucco 
cladding) 
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5.2.2.2 Effect of vapor barrier on MC 
The MC in the sheathing typically increases in assemblies with the vapor barrier. The 
comparative plots of MC profiles for assemblies #10 (Fiberboard/Stucco with VB) & #16 
(Fiberboard/stucco without VB) are presented in Figure 5-8. The effect of the vapor barrier in 
assembly #10 can be seen by the significantly higher MC changes in gravimetric samples, 
especially SH-17 and SH-18 at the lower region of the stud cavity. It was expected that when 
the permeance of the sheathing material is high, as it is for fiberboard, then the effect of 
permeance of the vapor retarder is less. This, however, does not apply to the case of stucco 
with no air cavity between cladding and sheathing. In the case of Assembly #16 
(Fiberboard/stucco without VB), the absence of the vapor barrier allowed moisture in the 
cavity to dry to the interior of the test hut as well as to the exterior. 
Figure 5-8. Effect of vapor barrier on MC change for wall assemblies #10 (Fiberboard/Stucco with 
VB) and #16 (Fiberboard/stucco without VB) 
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5.2.2.3 Effect of sheathing material on MC 
Figure 5-9 shows the MC absorption in the different sheathing materials of the wall panels 
when the sheathing is combined with stucco without a cavity. All the three assemblies have 
stucco, vapor barrier, and different sheathing: #6 with OSB, #8 with plywood and #10 with 
fiberboard sheathing. The gravimetric samples from the fiberboard have the highest moisture 
accumulation followed by plywood and OSB samples, whereas one would expect the reverse 
with the least moisture accumulation occurring in the assembly with the fiberboard. The 
presence of the stucco as the cladding type causes the fiberboard to retain relatively high 
concentrations of moisture. 
Figure 5-9. Effect of sheathing material on MC change for wall assemblies #6 (OSB), #8 (plywood) 
and #10 (fiberboard), all with stucco cladding and vapor barrier. 
5.2.2.4 Effect of type of cladding on MC 
The effect of cladding on the MC change is presented in Figure 5-10 for three assemblies, all 
having plywood sheathings and vapor barrier, but with different cladding types: assembly #2 
with no cladding, #7 with wood siding, and #8 with stucco. The gravimetric samples behind 
the stucco had higher moisture absorption followed by samples with no cladding followed by 
samples behind wood siding having a cavity of 19mm (%") air gap. The higher moisture 
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absorption in the sheathing with stucco is likely due to the fact that there is no cavity between 
the sheathing and the stucco to allow ventilation drying. 
The existence of an air cavity behind the cladding would enhance the drying mechanism, 
especially if there is ventilation which would contribute to drying; the higher the rate of 
ventilation the greater the drying potential. This air ventilation will be driven through the air 
cavity by one or the combination of two forces, either by air pressure differential induced by 
wind or thermal buoyancy. In theory, exterior air ventilation offers three major benefits 
(Schumacher et al. 2003): 
• The flow of outside air, which is relatively dry, promotes convective drying of both 
surfaces surrounding the air cavity. 
• The ventilating air can provide the evaporation heat necessary to enhance the 
evaporation process as water evaporates at the surface of the sheathing membrane. 
• Water vapor diffusing through the inner wall can bypass the vapor diffusion 
resistance of the cladding and be carried away directly to the outside. 
Figure 5-10. Effect of cladding on MC change for specimens #2 (no cladding), #7 (wood siding) and #8 
(stucco), for configurations with plywood and vapor barrier. 
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5.3 Data analysis for the stud cavity conditions in test period 2 
The internal conditions in the stud cavity were affected mainly by the evaporation of the 
moisture loading source at the bottom of the cavity. In this section, the different parameters 
were analyzed to understand the relationships between them. Table 5-1 lists the different 
parameters for test period 2: accumulated evaporation, averaged RH readings, averaged 
temperature readings, humidity ratios, and vapor pressures. The relative humidity and 
temperature values were averaged for the duration of test period 2 for the data collected from 
the two RH+T sensors, upper 1829mm (72") and lower 406mm (16"), while the humidity ratio 
and vapor pressure values were calculated from the RH and T values. 
Table 5-1. Different parameters values in the lower (16") and upper (72") locations inside the 
stud cavities of the different wall assemblies for test period 2. 




















































































































































































5.3.1 Accumulative Evaporation values 
For all the wall assemblies with different configurations, evaporation rate values ranged from 
542g to 1022g. Different configurations were expected to have different evaporation rates, and 
at the same time, duplicate wall assemblies were expected to have similar evaporation rates. 
Seven of the 12 duplicates had a percentage difference of less than 10% in the evaporation 
rates, 2 duplicates had a difference of less than 20%, two more duplicates had a difference of 
about 44%), and only one duplicated had a difference of 63%>. The duplicate assemblies with 
the highest difference in evaporation rates (63%) were assemblies 8 & 20 configured with 
plywood, vapor barrier and stucco. For wall assemblies with vapor barriers, generally, the 
evaporation rates in the assemblies in the first floor were higher than the evaporation rates in 
their corresponding duplicate assemblies on the second floor, thus, the differences in the 
evaporation rates may be attributed to stack effect, and to air movement caused by the fans of 
the environmental chamber, as well as on the make up of the wall assemblies. 
5.3.2 Average relative humidity values in the stud cavities 
For wall assemblies with vapor barriers, it was observed that the average relative humidity 
values in the stud cavities in the lower location ranged from 54.7% to 69.0%. Wall assemblies 
with OSB and wall assemblies with stucco had the higher values with a range from 57.3%) to 
65.2%. For the assemblies with board insulation (29, 30 & 31), the RH values were the highest, 
especially for OSB and plywood, ranging from 68.1% to 69.0%. 
For the upper location in the stud cavities, the RH values ranged from 37%) to 48.7% except for 
assembly 8 with 53.2%. RH decreases with distance from the moisture source at the bottom of 
the cavity. The decreases of RH values from the lower to upper locations were about 20%) for 
the OSB and OSB with stucco assemblies. A lower decrease of about 12% was observed for 
the fiberboard assemblies. Again, the highest differences of 30% were in assemblies with OSB 
and plywood plus insulation sheathing boards (assemblies 29 and 30). The decrease of RH in 
the upper location was only about 4% in the case of assembly 8 sheathed with plywood and 
cladded with stucco. A possible vertical air flow due to air leakage may be the reason behind 
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the relatively high RH value in the upper location and the relatively high evaporation rate of 
982g for assembly 8. This possible air flow may account for the higher absorption of moisture 
in the middle regions' gravimetric samples, which is different from the general trend of high 
absorption in the lower parts' gravimetric samples. 
5.3.3 Averaged temperature values in the stud cavities 
For temperature readings from the two RH + T sensors in the two locations in the stud cavities, 
the temperatures in the lower locations were generally lower than those in the upper locations. 
It was also observed that the temperature readings in the first floor assemblies were higher than 
those in the second floor assemblies. This trend was also confirmed by comparing the 
temperature values of the duplicate assemblies. The temperature readings for assemblies with 
wood siding were higher than the readings for assemblies with stucco. This was expected since 
wall assemblies with wood sidings had an air cavity between sheathing and cladding that 
increased the total R value for the configuration. These temperature gradients between the 
upper and lower locations inside the stud cavities of the different wall assemblies were 
generally in the range of about 1°C. 
5.3.4 Averaged vapor pressure values in the stud cavities 
The following parameters are related: temperature, relative humidity, vapor pressure, and 
humidity ratio. The evaporation was the main driver in the stud cavities of the different wall 
assemblies. Table 5-2 shows the vapor pressure values for the upper (5-2a) and lower (5-2b) 
locations. The values are presented in an ascending order for vapor pressure values. It can be 
noted that the evaporation rates had the major effect on the relative humidity and thus the 
vapor pressure values. Therefore, the vapor pressure depends mainly on evaporation, thus, the 
higher the evaporation, the higher the vapor pressure. 
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5.3.5 Convection inside the stud cavities 
Convection inside the stud cavity was not measured in this test, but, it was limited to the 
buoyancy induced convection inside the stud cavity since the drywall is totally sealed. This 
convection can still be examined by checking the temperature values recorded in the upper and 
lower locations inside the stud cavity. The temperature gradients between the upper and lower 
locations for the different wall assemblies were generally in the range of about 1°C as 
mentioned above, which means that the convection was very small and probably had no major 
effect inside the stud cavity. 
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5.4 Moisture absorption vs. height analysis for test period 2 
As seen in the last section that evaporation from the moisture loading source at the bottom of 
the stud cavity determined the internal conditions in the stud cavity. In this section, the 
moisture absorption in the sheathing material vs. height is analyzed based on the evaporation 
values for the different wall configurations for test period 2. 
To study the relationship between moisture absorption and height (distance from water tray), 
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Figure 5-11. Heights of gravimetric samples from the 
base of the wall assembly 
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gravimetric samples as shown in Figure 5-11. At each of the 7 heights, the absorption value 
was calculated as the average absorption of the samples that fall in the same x-axis. The profile 
of moisture absorption vs. height is then plotted for period 2 (Fig. 5-12) for the wall assemblies 
with vapor barriers. The absorption values were in grams per 1 inch diameter sample. The 
decrease of moisture absorption with height can be clearly seen for all the sheathings in the 
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Figure 5-12. Moisture absorption in 1 inch diameter sample vs. height for the 
different wall assemblies with vapor barriers (period 2) 
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5.4.1 Moisture absorption percentage of total evaporation 
For comparative analysis purposes, the relation between moisture absorption and height can be 
re-plotted as a percentage of moisture absorption in the samples to the total evaporated 
moisture. The moisture absorptions of sheathing gravimetric samples at different heights in 
each wall assembly were divided by the total evaporated moisture from the water tray at the 
bottom of that assembly. Figure 5-13 shows the percentage of moisture absorption vs. height 
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Figure 5-13. Moisture absorption percentage per one sample area vs. height for wall 
assemblies with vapor barrier (period 2) 
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• Absorption analysis ofsheathings behind stucco cladding 
If the type of cladding is taken as a comparative parameter on the different types of sheathings 
for walls having vapor barriers, then the effect of stucco cladding on each type of sheathing 
can be analyzed. In Figure 5-14, there are three pairs of profiles representing the three stucco-
vapor barrier duplicates. The good agreement between duplicate profiles can be noticed, where 
the OSB sheathing has the highest percentage of moisture absorption to the total evaporated, 
followed by the plywood sheathing and then fiberboard sheathing. The ratio of absorption rates 




























Figure 5-14. Moisture absorption percentage per one sample area vs. height for stucco with 
vapor barrier wall assemblies (period 2) 
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• Absorption analysis ofsheathings with Wood siding 
In the case of wood siding, OSB had the highest percentages of absorption followed by 
plywood and then fiberboard. On the other hand, OSB and plywood had significantly higher 
absorption percentages than the fiberboard as shown in Figure 5-15. This is attributed to the 
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Figure 5-15. Moisture absorption percentage per one sample area vs. height for wood 
siding with vapor barrier wall assemblies (period 2) 
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5.4.2 Averaged moisture absorption percentages vs. Height 
According to the previous analysis, there were good trend agreements between the moisture 
absorption values with respect to height in sheathings for the duplicate assemblies. For easier 
comparisons, the values were averaged for the duplicate assemblies. Figure 5-16 shows the 
averaged moisture absorption values with respect to height for the different types of sheathings 
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Figure 5-16. Averaged moisture absorption percentages of duplicate wall assemblies vs. height for 
the different types of sheathings configured with stucco and vapor barrier (period 2) 
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Figure 5-17 shows the averaged moisture absorption values with respect to height for the 
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Figure 5-17. Averaged moisture absorption percentages of duplicate wall assemblies 
vs. height for the different types of sheathings configured with wood siding and 




The capacity to evacuate moisture is one of the characteristics required to ensure the durability 
of the building envelope. The envelope system with the greater capacity to evacuate moisture 
in the stud cavity will have a greater drying capacity and be less susceptible to moisture driven 
damages. In this experiment, the performance of an assembly is reflected in the evaporation 
rate of the moisture source, which can be related to the "building envelope drying capacity" of 
the assembly. This capacity is a measure of the rate of movement of the moisture out of the 
stud cavity and it can serve as a common yard stick to evaluate the relative performance of 
different wall configurations using the Drying by Evaporation Index "DEI" as a tool. In this 
chapter, a calculation by mapping method "MM" is presented. This calculation method was 
initiated to investigate the relations among moisture absorbed by components surrounding the 
stud cavity, thus estimating the moisture transported out of the cavity through the sheathing 
material, which is part of the total water evaporated from the tray. This MM method was 
applied on test periods 1 and 2 only since the objective of the study is to investigate the 
performance of the different building configurations in the worst drying potential conditions. 
6.1 Introduction of DEI (Drying by Evaporation Index) 
6.1.1 Total evaporated moisture and drying capacity 
The total amount of water evaporating from the water source includes the moisture added to 
the stud cavity, the moisture absorbed by different materials surrounding the stud cavity, and 
the water vapor leaving the stud cavity to either the indoor or outdoor environment (Fazio et al. 
2006). It is assumed that a minimal amount of moisture will remain in the cavity with the 
existence of the vapor pressure difference being the driving force for evacuating the evaporated 
vapor out of the stud cavity. Therefore, part of the evaporated vapor will find its way outside of 
the cavity while the other part will be captured by the materials surrounding the stud cavity, 
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namely: the sheathing, the drywall (with the absence of vapor barrier), vertical studs and top 
and bottom plates. 
6.1.2 DEI and drying capacity 
Drying by Evaporation Index or "DEI" is the measure of the rate of moisture movement out of 
the stud cavity, and it is a function of moisture "evaporation" inside the cavity and moisture 
"evacuation" out of the cavity. This index will vary according to the specific wall configuration 
and according to the climatic load applied as mentioned earlier. 
On the other hand, drying capacity or drying potential can be identified as the capacity of a 
building envelope to evacuate moisture out of the stud cavity, where the drying capacity can be 
quantified using the DEI as a tool. Thus the drying capacity could be a quantitative measure of 
moisture evacuation out of the building envelope under a predetermined set of conditions. 
6.2 Equilibrium Moisture Content EMC 
In literature and as mentioned above, experiments dealt with two individual main phases 
wetting and then drying. The purpose of the wetting phase, or the pre-conditioning, or the 
combination of the two is to ensure that the building envelope components were brought to 
elevated moisture content. EMC is defined as the moisture content level at which a substance is 
neither gaining nor loosing moisture. So, if a substance is no longer releasing or gaining 
moisture, equilibrium exists. This EMC level depends on the relative humidity and temperature 
(vapor pressure) of the air surrounding the substance. Thus, if remaining long enough in 
contact with air where the relative humidity and temperature remain constant, the moisture 
content will also reach a level and become constant at the EMC value. Every combination of 
relative humidity and temperature has an associated value of EMC, where it increases with 
increasing relative humidity (Simpson W. 1999). 
6.2.1 Wetting and drying 
This study has two phases: wetting and drying. The drying of the stud cavity is based on the 
evaporated moisture from the water source at the bottom of the cavity (evaporation). This 
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amount of moisture is continuously monitored through the DAS. The amount of moisture 
leaving the cavity is referred to as the evacuation; it is part of the total evaporation and 
represents the drying phase. As the evaporation is taking place, the surrounding components 
are wetted by retaining a certain amount of the vapor as it diffuses out of the cavity driven by 
the vapor pressure difference. This wetting of surrounding materials continues until the 
equilibrium moisture content EMC is reached and the surrounding materials are no longer 
gaining or loosing moisture. At this stage, it can be said that the amount of evaporated moisture 
represents the amount of drying or evacuating out of the stud cavity. 
6.2.2 Correlation between evaporated moisture and DEI 
In order to establish the drying by evaporation index (DEI) for a wall assembly and thus 
identify the drying capacity, a correlation between the evaporation rate (evaporation), and the 
amount of moisture leaving the cavity (evacuation) has to be identified. After the EMC has 
been reached, the slope of the evaporation rate is deemed to represent the rate of water vapor 
exiting the stud cavity. For example, Assembly #16 reached a steady-state when the MC for 
the 25 gravimetric samples (Fig. 6-1) located in the surrounding materials stopped increasing. 
This state is represented by the horizontal profiles in Figure 6-2b. At this equilibrium, the 
water evaporated for the same EMC time period represents the amount of moisture leaving the 
wall and is referred to as the evacuated moisture (Fig. 6-3). Therefore, if equilibrium is 
reached, it is easy to establish the DEI directly as a function of evaporation and evacuation. In 
the experiment, most of the wall assemblies reached the EMC at some stage. However, 
assemblies having stucco cladding on OSB and plywood sheathing continued to absorb 
moisture and did not reach EMC during the test periods, thus, making it difficult to establish 
the DEI. In this case, where moisture content equilibrium is not reached, a new factor has to be 
determined to establish the DEI that is the "absorption". Absorption is the portion of 
evaporation absorbed in the materials surrounding the stud cavity. If this amount could be 
estimated, then the evacuated portion can be quantified accordingly from which the DEI can 
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SH: gravimetric samples in sheathing 
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Figure 6-2. Two cases of moisture absorption, where equilibrium moisture content EMC is reached in wall 
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Figure 6-3. Accumulated evaporation amount for the EMC period for wall assembly 16 
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6.3 Absorption by the Mapping Method MM calculations 
The absorption-evaporation ratio concept investigates the amounts of moisture being generated 
inside the stud cavity and the amount of moisture stored in the different components 
surrounding the stud cavity. The moisture generation can be obtained simply from the 
monitored weight change of the water tray. The moisture absorption is obtained through a 
more complex estimation procedure employing interpolation and area-weighed average of 
gravimetric sample data. There are 6 components surrounding the cavity that have the potential 
to absorb moisture from within the stud cavity. These components are the sheathing, right and 
left vertical wood studs, top and bottom plates, and drywall. Since there are no gravimetric 
samples in the gypsum boards (no MC monitoring), only the assemblies having vapor barriers 
are included in this calculation method. In cases when EMC is reached, there is no further 
absorption and the evacuation equals the evaporation. 
6.3.1 MM calculation assumptions 
In this calculation method, the following assumptions are made: 
• The vapor barriers prevent any significant moisture transport from cavity to indoor 
and negligible moisture content changes in the drywall. 
• The moisture gain in the stud cavity, due to increase in RH in the air and absorption 
in the fiberglass insulation, is negligible for the long duration under consideration. 
• Judging from the little amounts of moisture captured by the gravimetric samples in 
the studs, the moisture captured in the wood studs is considered to be indicative of 
surface accumulation and not of penetration all the way through the studs. 
• The moisture accumulation is uniform with respect to the center line axis, thus the 
moisture accumulation in the side that contains the gravimetric samples of the 
sheathing is assumed to be the same as the other side. Similarly, the two studs are 
considered to have identical moisture distribution. 
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6.3.2 Calculation steps 
As mentioned above, it will be assumed that the presence of perfectly installed vapor barriers 
leads to negligible moisture transport from cavity to indoor and negligible moisture content 
changes in the drywall. The moisture absorption thus occurs on the remaining 5 components. 
The following procedure is used to obtain the moisture absorbed by the surrounding 
components: 
• The top plate is assumed to have uniform MC as the sole gravimetric sample on it. 
• The bottom plate has only one gravimetric sample. The change in the average moisture 
content of the entire bottom plate is set to be 80% of the change in the gravimetric 
sample. This percentage is based on the following considerations and on typical MC 
gradients monitored in the bottom sheathing region. The bottom plate is divided into 
two constant MC zones. The central zone has 40% of the total area and its MC equals 
that of the gravimetric sample. The outer zone with 60% area is further away from the 
center of the evaporation area of the water tray and is expected to have less moisture 
accumulation. The accumulation rate in this zone is assumed to be 60% of the middle 
zone. 
• Vertical studs (2) and sheathing: Only one of the vertical studs has 5 gravimetric 
samples. The sheathing board has 18 gravimetric samples on one side of the center 
vertical line. The sheathing is assumed to have symmetrical MC distribution with 
respect to the central line. For both sheathing and vertical studs, the surfaces are 
divided into a number of zones. While the studs are divided in only vertical directions, 
the sheathing is divided into regular and non-equal rectangular zones, as shown in 
Figure 6-4. For a zone having a gravimetrical sample within the zone, the MC of the 
zone is assumed to be uniform and equal to that of the gravimetrical sample. For a zone 
with no gravimetric sample, its MC value is calculated from interpolation of adjacent 
zones. The average MC values in a component are calculated from the area-weighed 
average MC of all the zones. 
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Top plate zone 
View from cavity of 
side of 2x6 stud 
Edge of 2x6 in contact 
with sheathing 
Sheathing zones 
Zones in 2x6 stud 
Gravimetric sample at 
corner of 2x6 stud 
Gravimetric sample in 
sheathing 
Bottom plate zones 
Figure 6-4. Divisions of zones in the components surrounding the stud cavity for the moisture mapping 
calculation method (view from outdoor through sheathing into stud cavity) 
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6.4 Surfaces absorption 
Table 6-1 shows the percentages of absorption by the components surrounding the stud cavity 
for wall assemblies that have vapor barriers for period 2 of the experiment. The relative good 
agreement in the average absorption percentages of the duplicate assemblies is noteworthy. 
Similarities in the absorption percentages in the sheathings of pair-equivalent wall panels can 
be noted with percentage differences varying from 3% to 6% in 3 of the pairs, from 9% to 10% 
in 2 of the pairs and 16 % in only one of the pairs. Since each of the pair-equivalent was on a 
different floor level, some of the difference may be attributed to the stack effect; part of the 
difference may be attributed to the make up of the specimens and some to air movement in the 
test chamber. Sheathings with stucco cladding accumulate more moisture than those with wood 
siding cladding. The increase of absorption in the OSB and plywood sheathings with stucco 
was about 9%. In the case of fiberboard, the fiberboard sheathing with stucco absorbed 18% 
more than the fiberboard sheathing with wood siding. 
Table 6-1. Absorption of the components surrounding the stud cavity by percentages of the total moisture 
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Figure 6-5 shows the surfaces accumulation by percentages of the total accumulated moisture 
in materials surrounding the stud cavity for wall assemblies with vapor barrier and cladding for 
period 2. The results were presented as bar charts for better comparison between the absorption 
percentages of the different components for the duplicate wall assemblies. 
• Bottom plate • Right & left studs • Sheathing D Top plate 
Figure 6-5. Surfaces moisture absorption by percentages of the total absorbed for the wall assemblies with 
vapor barriers (period 2) 
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6.5 Drying capacities for different wall configurations 
The mapping method calculations were performed on the different wall assemblies using the 
gravimetric data for test periods 1 and 2. The climatic loading was for October conditions with 
8°C and 76% RH. The moisture loading was 1/3 of the water tray surface area for test period 1 
and 2/3 for test period 2. The DEI is defined as the measure tool for the ratio of the evaporation 
evacuated to the total evaporation, thus determining the drying capacity. It captures the 
capacity of an envelope to remove internal moisture and, therefore, it can indicate the drying 
capacity of this envelope. 
The estimated drying capacities from the data of test periods 1 and 2 are summarized in Tables 
6-2 and 6-3 respectively. The results are arranged to facilitate the comparisons between 
duplicate assemblies. The drying capacities of duplicates are displayed, in Tables 6-2 and 6-3, 
Table 6-2 Evaporation, absorption, evacuation and drying capacity for the different wall assemblies with vapor 




















































































































in two adjacent rows with the same text shading. The bar charts in Figures 6-6 and 6-7 display 
the estimated drying capacities of the six (6) duplicates (pairs) in Tables 6-2 and 6-3. It can be 
observed that duplicate assemblies have the same moisture drying capacity to the exterior, 
within 13 % margin in test period 1 and 4% margin in test period 2. These margins can be 
attributed to experimental errors. On the other hand, the differences in the drying capacities of 
different wall configurations are significantly larger. This drying capacity similarity for walls 
with same configurations and the variation of drying capacities for walls with different 
configurations make the DEI a good indicator to compare the drying performance of building 
envelopes with different configurations. 
Table 6-3 Evaporation, absorption, evacuation and drying capacity for the different wall assemblies with vapor 





















































































































panel number & configuration 
Figure 6-6. Drying capacity percentages for duplicate wall configurations for test period 1 
panel number & configuration 
Figure 6-7. Drying capacity percentages for duplicate wall configurations for test period 2 
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Based on these estimated drying capacity values, the relative drying performance of the wall 
assemblies can be evaluated. For example, the results for the assembly sheathed with 
fiberboard and cladded with wood siding show a drying capacity of 85-88% in test period 1 
and 98-99% in test period 2. This means that for the conditions adopted for this study, 85 to 
88% of the moisture in the stud cavity dries out in the course of test period 1 and 98 to 99% 
dries out in the course of test period 2. 
By comparing the drying capacities for period 2 in this study, the wall configuration showing 
the best overall drying performance is the assembly sheathed with fiberboard and cladded with 
wood siding, followed by the assembly sheathed with fiberboard and stucco cladding (88-
89%), the assembly with plywood sheathing and wood siding (84-86%), the assembly with 
OSB and wood siding (80-82%), the assembly with plywood and stucco (72-74%). The worst 
configuration is the assembly sheathed with OSB and cladded with stucco having a drying 
capacity of 55-59%. 
Stucco cladding had a negative effect on the drying capacity of different configurations in the 
test, because it acts as a vapor retarder layer when compared to the same configurations but 
with wood siding that have an air gap to enhance the drying. For test period 2, the stucco 
cladding (#10 and 22 in Table 6-3) lowered the drying capacity of the assembly with 
fiberboard sheathing relatively by about 11% compared to the assembly with wood siding (#9 
and #21). Similarly, in the case of the plywood sheathing assembly, the relative difference was 
about 15%. The biggest effect was in the case of the assembly with OSB sheathing with a 
relative difference of 33-38%. 
An experimental validation procedure for the mapping method, that involved cutting material 
samples from the wall assemblies, was scheduled to be carried out after the test completion. 
This procedure did not take place since the test set-up and the wall assemblies were used by 
another team to carry out a different test. 
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Chapter 7 
MOISTURE EVACUATION FROM STUD CAVITIES OF BUILDING 
ENVELOPES 
As discussed in the previous chapter, the mapping method calculates the evacuation through 
the sheathing material only. This evacuation value through the sheathing is important since 
sheathing is the critical layer where moisture damage can occur. None the less, it is also 
important to find out the evacuation through the outer layers namely the cladding, the weather 
resistive membrane and the sheathing. A Calculation Evacuation Method (CEM) is introduced 
in this chapter to calculate the evacuation through the outer layers of the building envelope, 
where CEM takes into account the non-linear profile with height of the absorbed vapor mass as 
well as the vapor pressure profile arising from the moisture source located at the bottom of 
each wall cavity. 
7.1 In-cavity profiles due to moisture loading 
In site situations where rain water penetrates into the stud cavity of the building envelope and 
concentrates at the bottom, the wet bottom plate becomes a moisture loading source. This 
moisture evaporates creating a vapor pressure profile that decreases with height and causes a 
corresponding absorption-evacuation mass profile through the sheathing. In this experiment, 
such profiles were observed and studied to analyze the evacuation process through the building 
envelope's outer layers, and thus, evacuation of the different wall assemblies could be 
quantified. All the analyses were carried out for test period 2. 
7.1.1 Vapor pressure profiles 
The vapor pressures are mainly the result of the evaporation from the moisture loading source 
at the bottom of the cavity. Figure 7-1 shows an example of the accumulated evaporation for 
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Figure 7-1. Accumulated evaporation in period 2 for wall assembly 6 (OSB, stucco, and vapor 
barrier) 
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Figure 7-2 shows the calculated vapor pressures based on the relative humidity and 
temperature values measured by the two RH sensors at the two locations (406mm or 16" and 
1829mm or 72" from the bottom) in each of the stud cavities of the 31 wall assemblies. Since 
there were only two RH sensors on each wall assembly, at least a third point is needed to be 
able to determine the vapor pressure profile inside the stud cavity (even though more points 
would increase the accuracy of the profile). 
600 700 800 900 1000 
Vapor pressure (Pa) 
1100 1200 
Figure 7-2. Calculated vapor pressure at the two RH sensors' 
heights in wall assembly 6 (OSB, stucco, and vapor barrier) 
for test period 2 
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7.1.2 Relative humidity profiles 
To obtain the vapor pressure profile in respect to height, a third location is taken at just above 
the water level of the water tray at a height of 4/4" from the base of the assembly. At this point, 
it is assumed that near saturation condition of 98% relative humidity is sustained. The fitting 
curves for the relative humidity profiles inside the stud cavities vs. height were plotted for the 
wall assemblies with vapor barriers. The RH profile vs. height for assembly 6 (OSB sheathing, 
stucco cladding, and vapor barrier) is shown in Figure 7-3. 
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Figure 7-3. RH vs. height profile for wall assembly 6 (OSB, 
stucco, and vapor barrier) for period 2. 
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7.1.3 Vapor pressure difference profiles 
After getting the vapor pressure profiles, the fitting curves6 for the vapor pressure difference 
between the stud cavity and outside vs. height were then plotted for the wall assemblies with 
vapor barriers. Figure 7-4 shows one example that is the vapor pressure difference profile for 
wall assembly 6 (OSB sheathing, stucco cladding, and vapor barrier). The moisture loading 
source at the bottom of the cavity creates a nonlinear vapor-pressure difference profile with 
maximum value at the bottom of the cavity and minimum value at the top of the cavity. 
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Figure 7-4. Vapor pressure difference profile for wall assembly 6 
(OSB, stucco, and vapor barrier) 
' Using TableCurve 2D® Automated Curve Fitting Software by Systat Software, Inc. 
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7.2 Vapor evacuation by the Calculated Evacuation Method "CEM" 
Permeance of building envelope layers is used to describe the rates of vapor diffusions under 
the vapor pressure differential between the two sides. When the envelope permeance, M 
(ng/Pa-s-m2) is known over a given period of time, 6 (s), and under a constant vapor pressure 
differential, the mass of vapor transport, Wing), can be calculated from Fick's law of diffusion: 
W = M-A-0-(Px-P2) (Eq. 1) 
where p\ and pi are the vapor pressures on the two sides of the layer(s) (Pa). In this equation 
the vapor pressures are typically assumed to be constant in the planes perpendicular to the wall 
depth. Thus, the vapor pressures at the bottom and top of the stud cavity (along the plane 
coincident to the inner sheathing surface) are considered to be the same; i.e., the permeance is 
the same per unit area of the panel. 
This condition was found not to be true in the investigation carried out in this study, where the 
moisture source was located at the bottom plate in the stud cavity. This moisture source gave 
rise to non linear RH and vapor pressure profiles, which varied from a maximum value at the 
bottom of the cavity to a minimum at the top of the cavity. Since permeance varies with RH, 
the permeance of the sheathing can be expected to vary in accordance with the RH and vapor 
pressure profiles. These variables have been incorporated in the calculation of the amount of 
water diffusing (evacuation) through the outer layers of the assembly to the outdoor, including 
the sheathing, weather barrier, and cladding. This calculation method is referred to herein as 
the Calculated Evacuation Method (CEM) to distinguish it from the evacuation by the 
Mapping Method (MM) explained previously, which considers the diffusion through the 
sheathing only. 
7.2.1 Moisture content vs. height 
In the CEM the evacuation of vapor through the outer layers depends mainly on the vapor 
pressure and on the permeance, which in turn varies with moisture content. This moisture 
content changes with height and depends on the vapor pressure difference between the inside 
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of the stud cavity and the outdoor. Figure 7-5 shows the MC vs. height profile for wall 
assembly 6 (OSB, stucco, and vapor barrier). The MC profiles are curve fitted over seven data 
points. These profiles confirm the shapes of the vapor pressure profiles which have only three 
data points. 
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Figure 7-5. Moisture content in the sheathing vs. height profile for wall 
assembly 6 (OSB, stucco, and vapor barrier) for period 2. 
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7.2.2 Evacuation zones 
The sheathing was divided into four zones of different sizes along the height (Fig. 7-6). The 















Figure 7-6. Sheathing permeance zones and locations 





Wdi = mass of the evacuated moisture passing through the outer layers in a specific 
zone, ng 
Mpi = permeance of outer layers for a zone from material properties, ng/Pa-s-m2 
Aj = zone area, m2 
6 = time, s 
APc/, = vapor pressure difference between the vapor pressure in the stud cavity as a 
function of height corresponding to the zone and the outdoor vapor pressure, 
Pa 
/ = 1 to 4 zones. 
Since the vapor pressure difference across the zone, Apch for Eq. 2 changes with height, as 
illustrated in the example of Figure 7-4, the average Apci for the zone is calculated by 
integrating the vapor pressure difference over that zone. 
7.2.3 Calculation steps 
The material properties used in the calculations were taken from Kumaran (2002) and the 
material property data base generated by Wu, Kumaran and Fazio (2007) for the materials used 
in this study. The calculation steps using "CEM" to obtain the vapor evacuation for the 4 
zones, and thus, the total vapor evacuation are as follows: 
1. The average moisture content in the sheathing of a zone is calculated by integration 
over that specific zone using the MC profiles for the different wall assemblies (such 
as in the example of Figure 7-5); 
2. The corresponding equilibrium RH value in the sheathing of the zone is looked up 
from the absorption isotherm for the sheathing material; 
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3. The average permeability for the zone is calculated by integrating the permeability 
over that zone based on the permeability vs. RH data curve for the sheathing 
material; 
4. The total permeance is then calculated from the total resistance of the outer layers; 
5. The average vapor pressure difference across the zone is calculated by integration 
over the height of that zone; 
6. With the permeance value of the outer layers and cavity vapor pressure difference 
calculated in Steps 4&5 above, the evacuated vapor mass that passes over each zone 
(Wdi) is then calculated from Eq. 2. Calculations in Steps 1 to 6 above are performed 
for each of the 4 zones for the different wall assemblies; 
7. The total evacuated vapor mass is the sum evacuations of the four zones for each 
wall assembly. 
Table 7-1 is a case study to explain the calculations steps for wall assembly #5 (plywood 
sheathing, vapor barrier, and wood siding cladding). 
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Table 7-1. Calculations steps using CEM to calculate the evacuation for wall assembly #5 (plywood 




1. Sheathing average moisture 
content (MC) 
2. Corresponding RH, looked up 
from absorption isotherms for 
sheathing 
3. Corresponding permeability, 




Sheathing calculated resistance 
Total calculated resistance for 
outer layers 
4. Total calculated permeance for 
outer layers 
5. Vapor pressure differential, 
from stud cavity to exterior 
6. Evacuated vapor mass 


































































7.3 Results and evacuation profiles 
Table 7-2 shows the calculated evacuation values for the 4 zones for the duplicate wall 
assemblies; it also shows the evacuation percentages. The evacuated vapor mass quantities, 
calculated for each zone for the duplicate wall assemblies, decrease with height. Differences, 
observed in the evaporations of duplicate wall assemblies, can be attributed to (i) stack effect 
since each of the pair-equivalent was on a different floor level; (ii) the make up of the wall 
assemblies and (iii) to different air movement in the test chamber. 
Figure 7-7 shows the evacuation profile vs. height for wall assembly 5 (plywood sheathing, 
vapor barrier, and wood siding cladding). The typical evacuation profile demonstrates 
graphically the intensities of evacuation from the stud cavity to the outdoor with respect to 
height. 
Table 7-2. Calculated evacuation and percentage of evacuation per zones for the duplicate wall 
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Figure 7-7. Evacuation vs. height profile for wall assembly 5 
(plywood sheathing, vapor barrier, and wood siding) for test 
period 2. 
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7.4 Calculated Evacuation Method (CEM) vs. evacuation by Mapping Method 
(MM) 
Table 7-3 shows the total evacuation vapor mass by the calculated evacuation method (CEM) 
compared with the vapor mass passing through the sheathing calculated by the mapping 
method (MM) for the duplicate wall assemblies. The mapping method (MM) provides the 
vapor evacuation through the sheathings (Figs. 7-8a and 7-9a), whereas the CEM provides the 
evacuation through the sheathing and outer layers including stucco cladding (Fig. 7-9b) and the 
evacuation through the sheathing and the weather resistive membrane since there is an air 
cavity behind the wood sidings (7-8b). Hence, all values in Table 7-3 calculated by the CEM 
except for wall assemblies 9 and 21 were lower than the values calculated by the MM. For the 
stucco wall assemblies, the difference between these two evacuations is considered to represent 
the absorption in the outer layers of the envelope especially the cladding. 
Table 7-3. Total evacuated vapor mass by the Calculation Evacuation Method (CEM) 
compared with vapor passing through the sheathing calculated by the Mapping Method 

























































As for the wood siding assemblies, in Figure 7-8, the evacuation values obtained by the CEM 
represent the evacuation values that are passing through the sheathing and the weather resistive 
membrane. Therefore, the difference is attributed to the condensation on the cold surface of the 
weather resistive membrane. 
As for the fiberboard case with wood siding (wall assemblies 9 and 21), the evacuation values 
calculated by the CEM, were higher than those calculated by the MM. this was not expected 
and the reason behind that is attributed to the water vapor permeability properties of the 
fiberboard. Other than the OSB and plywood, the permeability values for the fiberboard are 
almost the same for the different relative humidity conditions (Appendix C), where the 
permeability value is 1.82 x 10"11 for 10% RH and for RH of 100% the permeability value is 
1.89 x 10"n. The MC in the sheathing is caused by the absorption and knowing that the upper 
zones experience much less vapor diffusion, therefore, the permeability values for the different 
zones did not represent the real permeability, and thus, ending up with a higher hypothetical 
diffusion values especially in the upper zones that increased the total evacuation value for the 
whole sheathing height. 
Therefore, what can be compared between the evacuation values by the two methods is the 
consistency of the evacuation trends. On the other hand, the evacuation value through the 
sheathing is more important to be looked at since the sheathing is where the moisture damage 
could occur. It should be noted that these differences are highly sensitive to the permeability 
values used7. 
7
 For the stucco, the permeability value was taken from the material property data base generated by Wu et al. 
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Figure 7-8. Total evacuated vapor mass by (a) Mapping Method (MM) and (b) by Calculation Evacuation 
Method (CEM) for the different wall configurations with wood sidings and vapor barriers for test period 2. 
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Figure 7-9. Total evacuated vapor mass by (a) Mapping Method (MM) and (b) by Calculation Evacuation 




The goal of the study was achieved by proving the hypothesis that the data generated from the 
large scale test on the various wall configurations would yield recognizable patterns relating 
measurable building-envelope parameters to movement and accumulation of moisture in wood-
based building envelope systems. These recognizable patterns emerged from the raw data 
generated from the experiment and from the analysis of the data using parametric comparative 
analysis and new methods developed in the study. 
A new testing method proposed by Fazio (2004) to establish the drying performance of 
building envelope wall systems has been implemented and validated by the candidate. The new 
test method consists of a water tray on a load cell placed on the bottom plate of the stud cavity 
as the moisture loading system. This new testing method was validated by results obtained 
using a Mapping Method "MM" and a Calculated Evacuation Method "CEM" developed by 
the author. The new testing method and analyses (method), with uniform, measurable and 
repeatable moisture loading source, can be used as a common yardstick to evaluate and 
compare the relative drying performance of building envelope wall systems of different 
configurations. Moreover, the method could be implemented by different users in different labs 
to confirm the drying performance of similar building systems used in different regions. 
Since current building envelope design is based typically on sets of proven-by-experience 
practices, application of passed-down principles and simplistic calculation evaluation, the 
knowledge gained through this method would support a design process that better predicts the 
performance of envelope systems, thus moving the design of wood-based building envelope 
systems towards an engineering approach. 
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8.1 Contributions 
8.1.1 New methods 
• Development of the Mapping Method "MM". The calculation by the mapping method 
yields profiles of moisture absorbed by the surrounding components in the stud cavity 
and thus, moisture evacuated from these stud cavities which can then be used to 
evaluate the relative drying performance of different building envelope systems as a 
whole assemblies. 
The drying capacity is identified as the capacity of a building envelope to evacuate 
moisture out of the stud cavity, where the drying capacity can be quantified using the 
Drying by Evaporation Index "DEI" as a tool. DEI is the measure of the rate of 
moisture movement out of the stud cavity, and it is a function of moisture 
"evaporation" inside the cavity and moisture "evacuation" through the sheathing for 
specific time periods and climatic loadings. While evaporation is monitored by the new 
moisture loading system that is the water tray over the load cell, the evacuation is 
determined as the evaporation less the absorption of the materials surrounding the stud 
cavity that can be determined using the mapping method. 
• Developing the Calculated Evacuation Method "CEM". Since the mapping method 
calculates the evacuation through the sheathing material only, a Calculated Evacuation 
Method (CEM) was developed to calculate the evacuation through the outer layers of 
the building envelope including the sheathing, weather barrier, and cladding. CEM 
takes into account the non-linear profile with height of the absorbed vapor mass as well 
as the vapor pressure profile, where these profiles were due to the moisture source 
located at the bottom of each wall cavity. It was shown that moisture concentrating at 
the bottom plate, as it may happen as a result of the rain penetration, gives rise to non 
linear RH and vapor pressure profiles within the stud cavity, which vary from a 
maximum value at the bottom of the cavity to a minimum at the top of the cavity. Since 
permeance varies with RH, the permeance of the sheathing also varies in accordance 
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with the RH and vapor pressure profiles. These variables have been incorporated in the 
CEM calculations to determine the amount of water evacuating by diffusion through 
the outer layers of the assembly to the outdoor. 
The relatively high level of agreement and repeatability in the results between 
duplicates provides confidence in using the MM and the CEM methods to study the 
relative drying performance of the different building envelope wall configurations. 
8.1.2 Experimental innovations 
• The significance of this study arises from the overall management of the experiment in 
the macro scale that was the result of the combination of well developed aspects in the 
micro scale. These aspects covered the different protocols that are: the specimens' 
protocol (Derome and Fazio 2004), the loading protocol (Fazio 2004), and the 
monitoring protocol (Rao 2004). These protocols were combined with the test 
methodology and data collection methods to reveal a unique and state-of-the-art 
experimental method. 
• The different wall configurations included in 31 wall assemblies are representative of 
building envelope systems widely used in North America. This number of assemblies 
permitted a comparative parametric analysis study for the different wall configurations 
and to perform a comparative analysis between duplicates to attain a significant and 
reliable benchmarking data. 
• The uniqueness of the assembly instrumentation revealed a state-of-the-art design of 
data collection points on each assembly: 12 pairs of moisture content pins to measure 
the moisture content in 12 preset locations, 8 on the sheathing and 4 on the left stud; 17 
thermocouples, 12 of them to measure the temperature in the 12 locations of moisture 
content pins (results from the moisture pins have not been analyzed in this thesis); 1 
load cell to monitor the water being evaporated from the water tray; 2 relative humidity 
sensors; and 25 gravimetric samples to measure the change in moisture content, 18 
samples in the sheathing, 5 in the right stud, and 2 samples in the top and bottom plates. 
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This extensive design of instrumentation was useful to study the hygrothermal 
performance of the wall assemblies. 
• The well developed gravimetric samples protocol including the collection procedure, 
samples' enclosure, and travel time added reliability to the data generated. The 
gravimetric samples allowed manual monitoring for the moisture content of the 
materials surrounding the stud cavity in different locations on a continuous basis. 
8.2 Limitations and future work 
Some factors affected the data and the analysis in the experiment undertaken to some extent. 
Factors such as stack effect since the wall assemblies and the duplicates in particular were on 
different floor levels, the make up of the wall assemblies, air leakage and air movement in the 
test chamber. Some recommendations could be helpful for future experiments: 
• The main air fan in the cold box side caused a slight uneven distribution of 
temperature as well as causing uneven air distribution. Therefore, modifying the air 
handling system may improve air and temperature distribution. 
• The duplicate wall assemblies should be placed next to each other to make sure they 
experience the same conditions and to avoid the stack effect. 
• As for the make up of the wall assembly, some differences will always occur in the 
construction. However, these may be minimized with more attention and time given 
to the assembly of the wall panel. 
• All the gravimetric samples should have the same size of 1 Vi" in diameter instead of 
having both 1" and VA". The larger size would be easier to make, easier to handle 
in the collection process, have less risk of broken small pieces, and be better for the 
analysis. Moreover, the bigger size gravimetric samples would have better fit in the 
gravimetric sample hole, and this would decrease the air leakage around the sample 
even though it has a longer perimeter. 
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• An option to improve the moisture distribution is to increase the number of stud 
gravimetric samples, especially at the bottom plate, and on the other stud 
components. The size of the samples could be reconsidered. 
• Additional parameters to be studied would include varying stud depth from 2x6 
(used in this study) to 2x4, introducing seasonal loadings, and cutting and weighing 
the wall samples at the end of the test to validate the mapping method described 
above. 
• Since it is not an easy task to monitor the air leakage in the wall assemblies, a 
practical solution is to use thermographic imaging to monitor the air leakage to 
some extent as well as monitoring the locations of leakage. 
Other recommendations could involve the time and budget constrains: 
• The large number of wall assemblies could be reduced to save time and budget. 
One of the suggestions is to eliminate the wall assemblies without vapor barriers 
since the wall assemblies with vapor barriers showed a higher potential for moisture 
accumulation problems. Thus, the study would be focused on the different 
configurations with vapor barriers. 
• The reduction of wall assemblies would give the opportunity to a better use of the 
instruments such as the RH sensors. The less number of wall assemblies means 
more sensors in each assembly. 4 relative humidity sensors may be needed in each 
wall cavity to have more information points that can be used for better analysis for 
the vapor pressure profiles inside the stud cavity. 
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Appendix A 
MEASURED HYGROTHERMAL PROPERTIES OF BUILDING 
MATERIALS 
The measured hygrothermal properties presented in this appendix were carried out by Wu et 
all (2007). 
A.l. Hygrothermal Properties of Gypsum Board 
Thickness: (12.60 ±0.11) mm 
Density: (592 ± 5) kg/m3 
































Table A.2 Results from sorj 
RH,% 






ption isotherm measurement of gypsum board 
Temperature, °C 






Moisture Content, kg/kg 
1.36(0.12), 29 specimens 
0.027 (0.001), 4 specimens 
0.014 (0.0002), 4 specimen 
0.0082 (0.0001), 4 specimen 
0.0048 (0.0001), 4 specimen 
0.0035 (0.0001), 4 specimen 
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Table A.3 Results from desorption isotherm measurement of gypsum board 












Moisture Content, kg/kg 
0.126(0.001), 4 specimens 
0.028 (0.0002), 4 specimen 
0.024 (0.0001), 4 specimen 
0.020 (0.0001), 4 specimen 
0.019 (0.0001), 4 specimen 















































































































Table A.7 Water absorption of gypsum board 

































Through the linear regression of the first linear part of the absorption curve, the absorption 
2„l/2 
coefficient of gypsum board is calculated, and the value is 0.16 ± 0.04 kg/m s . 
Linear Regression of All Specimens 
100 200 300 400 
Pressure Difference (Pa) 
500 600 700 
• Data Points • Mean Permeance Upper Confidence Interval Lower Confidence Interval 
Figure A. 1 The dependence of airflow rate on pressure difference for gypsum board 
At the range of pressure differences from 100 to 700 Pa, the flow rate varies with pressure difference. 
The air permeability of gypsum board under test is (5.2 ± 0.3) E-08 kg/m-Pa-s. 
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A.2. Hygrothermal Properties of Oriented Strand Board 
Thickness: (11.64 ± 0.72) mm 
Density: (664 ± 46) kg/m3 












































Moisture Content, kg/kg 
0.25 (0.02), 4 specimens 
0.16 (0.002), 4 specimen 
0.11(0.002), 4 specimen 
0.062 (0.0003), 3 specimen 
0.047(0.001), 4 specimen 
Table A. 10 Results from desorption isotherm measurement of OSB 
RH,% 













Moisture Content, kg/kg 
1.36(0.12), 29 specimens 
0.25 (0.008), 4 specimens 
0.19(0.002), 4 specimen 
0.12(0.002), 4 specimen 
0.084(0.001), 3 specimen 
0.058(0.001), 4 specimen 
149 












































































































Table A. 14 Water absorption of OSB 












































Through the linear regression of the first linear part of the absorption curve, the absorption 
coefficient of OSB is calculated, and the value is 0.0018 ± 0.0002 kg/m2s1/2. 
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Figure A.2 The dependence of airflow rate on pressure difference for OSB 
At the range of pressure differences from 20 to 300 Pa, the flow rate varies with pressure difference. 
The air permeability of gypsum board under test is (5.1 ± 1.9) E-09 kg/m-Pa-s. 
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A.3. Hygrothermal Properties of Plywood 
Thickness: (12.57 ± 0.37) mm 
Density: (456 ± 30) kg/m3 































Table A. 16 Results from adsorption isotherm measurement of plywood 
RH, % 













Moisture Content, kg/kg 
1.29(0.11), 29 specimens 
0.28 (0.027), 4 specimens 
0.17 (0.005), 4 specimen 
0.12 (0.002), 4 specimen 
0.072 (0.0003), 4 specimen 
0.058 (0.0003), 4 specimen 













Moisture Content, kg/kg 
0.27 (0.005), 4 specimens 
0.20 (0.001), 4 specimen 
0.14 (0.001), 4 specimen 
0.095 (0.002), 4 specimen 
0.066(0.001), 4 specimen 
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Table A.21 Water absorption of plywood 
















































Through the linear regression of the first linear part of the absorption curve, the absorption coefficient 
of plywood is calculated, and the value is 0.0020 ± 0.0013 kg/m2si/2. 
155 






Pressure Difference (Pa) 
• Data Points Mean Permeance Upper Confidence Interval Lower Confidence Interval 
Figure A.3 The dependence of airflow rate on pressure difference for plywood 
At the range of pressure differences from 20 to 1000 Pa, the flow rate varies with pressure difference. 
The air permeability of gypsum board under test is (1.3 ± 1.7) E-09 kg/mPa-s. 
A.4. Hygrothermal Properties of wood fiberboard 
Thickness: (10.84 ± 0.11) mm 
Density: (279 ± 3) kg/m3 

































Table A.23 Results from sorption isotherm measurement of fiberboard 
RH,% 













Moisture Content, kg/kg 
3.597 (0.046), 29 specimens 
0.276 (0.027), 4 specimens 
0.174(0.005), 4 specimen 
0.119 (0.002), 4 specimen 
0.072 (0.0003), 4 specimen 
0.058 (0.0003), 4 specimen 































































































































Table A.28 Water absorption of fiberboard 

































Through the linear regression of the first linear part of the absorption curve, the absorption coefficient 
of plywood is calculated, and the value is 0.0012 ± 0.0001 kg/m s . 
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Figure A.4 The dependence of airflow rate on pressure difference for fiberboard 
At the range of pressure differences from 0 to 16 Pa, the flow rate of all test specimens linearly varies 
with the pressure difference. The air permeability of fiberboard under test is (2.2 ± 0.2) E-07 
kg/m-Pas. 
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A.5. Hygrothermal Properties of spruce wood stud 
Density: (465 ± 20) kg/m3 












































Moisture Content, kg/kg 
0.24 (0.006), 4 specimens 
0.17 (0.002), 4 specimens 
0.12 (0.001), 4 specimens 
0.08 (0.0005), 4 specimens 
0.054 (0.001), 4 specimens 
Table A.31 Results from desorption isotherm measurement of spruce wood stud 
RH,% 













Moisture Content, kg/kg 
1.57 (0.13), 29 specimens 
0.28 (0.03), 4 specimens 
0.19(0.004), 4 specimens 
0.14 (0.002), 4 specimens 
0.10 (0.001), 4 specimens 
0.071 (0.001), 4 specimens 
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Table A.35 Water absorption of spruce stud 















































Through the linear regression of the first linear part of the absorption curve, the absorption coefficient 
of spruce is calculated, and the value is 0.0124 ± 0.0001 kg/m2s1/2. 
0.07 
Linear Regression of All Specimens 
Data Points • Mean Permeance 
150 200 250 
Pressure Difference (Pa) 
Upper Confidence Interval 
400 
Lower Confidence Interval 
Figure A.5 The dependence of airflow rate on pressure difference for spruce stud 
At the range of pressure differences from 50 to 350 Pa, the flow rate of two specimens increases with 
the pressure difference. The air permeability of spruce stud under test is (7.2 ± 1.0) E-9 kg/m-Pa-s. 
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A.6. Hygrothermal Properties of extruded polystyrene foam sheathing 
Density: (27.2 ± 0.5) kg/m3 
Thickness: (26.3 ± 0.7) mm 












































Moisture Content, kg/kg 
0.003(0.001), 3 specimens 
0.003(0.001), 3 specimens 
0.003 (0.001), 3 specimens 
0.002 (0.002), 3 specimens 
0.002 (0.001), 3 specimens 













































































































Extruded polystyrene foam sheathing has very low water absorption rate. Therefore, the partial 
immersion test of this material is hard to carry out. In addition, the test specimens are impermeable 
and no measurable airflow obtained for pressure differences up to several kPa. 
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A.7. Hygrothermal Properties of Asphalt Impregnated Paper 
Density: (1033 ± 17)kg/ra3 
Thickness: (0.64 ± 0.016) mm 





















































































































Linear Regression of All Specimens 
10 20 30 40 




. . - • ' ' 
- «"*" 





Data Points • Mean Permeance Upper Confidence Interval Lower Confidence Interval 
Figure A.6 The dependence of airflow rate on pressure difference for asphalt 
impregnated paper 
At the range of pressure differences from 1 to 60 Pa, the flow rate of asphalt impregnated paper 
increases with the pressure difference. The air permeability of asphalt impregnated paper under test is 
(2.7±1.9)E-10kg/m-Pa-s. 
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A.8. Hygrothermal Properties of Stucco 
Density: (1411.98 ± 65)kg/m3 
Thickness: (19.56 ± 0.78) mm 











































Moisture Content, kg/kg 
0.059 (0.001), 3 specimens 
0.049(0.001), 3 specimen 
0.024 (0.004), 3 specimen 
0.013(0.0003), 3 specimen 
Table A.45 Results from desorption isotherm measurement of stucco 
RH, % 











Moisture Content, kg/kg 


















































































































Table A.49 Water absorption of stucco 
































Through the linear regression of the first linear part of the absorption curve, the absorption coefficient 
of stucco is calculated, and the value is 0.088 ± 0.022 kg/m2s1/2. 
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Data Points 
Linear Regression of All Specimens 
Pressure Difference (Pa) 
• Mean Permeance Upper Confidence Interval 
300 
Lower Confidence Interval 
Figure A. 7 The dependence of airflow rate on pressure difference for stucco 
At the range of pressure differences from 30 to 270 Pa, the flow rate of stucco increases with the 
pressure difference. The air permeability of stucco under test is (1.2 ± 0.7) E-09 kg/m-Pas. 
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A.9. Hygrothermal Properties of Glass Fiber Batt Insulation 
Density: (11.51 ± 0.09) kg/m3 
































A.10. Hygrothermal Properties of Polyethylene sheet 
Density: (1739 ± 52) kg/m3 
Thickness: (0.153 ± 0.003) mm 
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Figure B-3. First floor-structural 
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In this appendix, some information is listed from the Protocol on monitoring in the CRD 
project prepared by Rao (2004). 
C.1 Load Cell for measuring evaporation rate 
Load cell (AG series by SCAIME, www.scaletron.com) 
Capacity: 1 kg 
Sensitivity: -2.00 mV/V 
Accuracy: 1/4000 
The weight of a water tray at the bottom in the insulation cavity of each test specimen is 
monitored continuously by one load cell. Details on the setup procedure for load cells are in 
the Loading Protocol. A diagram for the setup is shown in Figure C-l. 
Each load cell has seven wires. The wires are connected to one 8-wire terminal block in the 
pass-though configuration of Figure 7a. 
Load cell outputs are mini-volt signals. The sensitivity of the load cell is expressed x.xxx 
mini-volt per volt of applied input DC (direct current) power. For example, if a LC has a 
sensitivity of 1.98 and 10 VDC exact is applied to the LC, then the LC output should be 19.8 
mV at the full load of 1 kg. The sensitivities of the LC are around 2.00 mV/V, but has 
slightly (1%) variations among sensors. The sensitivity is determined in the factory for each 
LC unit (identified with unique serial number). 
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Insulation (rigid) to avoid thermal bridge Wiring cable for load cell: 
• DC voltage 
• Reference voltage 
• Output (value 
proportional to weight) 
FigureC-1. A sketch of weighing system with load cells 
Since the wire from the power supply leading to the load cell has resistance, the voltage 
applied to the load cell is smaller than the voltage at the power supplier. This leads to the 
measurement of the reference voltage (terminals #3 & 4). Therefore, for each load cell, two 
measurements are taken by the DAS, one for the output and the other for the reference 
voltage. During data processing, the weight on a load cell is calculated by the following 
equation: 
weight = output x 10 
sensitivity x reference voltage (kg) 
Most of load cells have zero drift (permanent deformation in the load cell) if weights are 
applied continuously. To minimized this effect, one additional load cell is used to have a 
fixed weight applied to it, and is monitored together with other load cells. Any change in the 
measured values from the additional reference load cell is due to the zero drift, and is 
corrected in measured values of other load cells. (Note that this correction procedure implies 
that zero drifts are identical to all load cells). Experiences with trial runs on the evaporation 
wetting method show that the zero drift is very low and slow. 
180 
C.2 Moisture content by metal pins 
Location 
Moisture contents of studs and sheathing are measured by resistive electronic moisture 
content transmitters. Since the rain is not directly simulated in this test, moisture contents of 
siding and cladding are not monitored. 
On each specimen, 12 probes (pairs of metal pin) are installed. One thermocouple is installed 
with each pair of MC pins to monitor the temperature. This temperature is needed to correct 
the electronic reading of MC transmitters. 



























































center of stud 
Installation of pins 
To measure the moisture contents, pairs of metal pins are installed in wooden materials. The 
custom pins use small gold plate pins (similar in size and shape to the pins inside the 
connector for parallel port printers, but with solid copper core. The gold plating is for 
reducing corrosion). The pins have similar dimension as the pins on the hand-held moisture 
content meters. 
In installation, the hand-held MC unit is used to punch two tiny holes on the material for 
inserting two of the gold pins (with wires already soldered on the end of the pins). 
Electrically conductive glue is used on the pins when inserting for maintaining good contact. 
Liquid tape (electrical insulating) is used for covering the exposed metal ends. Additional 
181 
sealant (silicon caulking, for example) and/or heat shrink tubes may be used for conditions 
that are more stringent. The figure below shows a diagram of the installation. 
Due to the tiny size and softness of the base metal, these pins should not be used for periods 
longer than 12 to 18 month in wet materials (close to fiber saturation). 
In addition, commercially available metal pins designed for (resistive) moisture content 
measurement are also used. These pins are made from stainless steel and have different sizes 
for various depths into materials. 
' thermocouple 
heat shrink tube 
gold-plated metal pins 
electrical conductive glue 
material 
FigureC-2. Installation of metal pins for moisture content 
MC measurement and calibrations 
The measurement by resistive MC sensors relies in the relationship between moisture content 
of wood and electrical resistance in the wood. For spruce wood, the relation is shown in the 
following table and figure. The resistive MC sensor can only measure MC between 6% to 
wood fiber saturation (about 28% depends on wood species). Values measured above the 
fiber saturation are not exact reading. 
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Linear Fitting 
y = -3,4922x + 
V 
• %M.C. 
2nd Order Fitting |-
3rd Order Fitting 
2nd Order Fitting 
y = 0.0888x2 - 5.5408x + 
3rd Order Fitting 
y = 0.0061x3 - 0.1292x2 - 3.1896x + 
f
** 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Current 
FigureC-3. Moisture content sensor (MT-60) calibration curve 
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To ensure accuracy, a MC sensor needs three types of calibrations: 
1. calibration of the transmitter, 
2. species or material correction, and 
3. temperature correction. 
To verify a transmitter, there are two high-resistance resistors. Each resistor simulates a 
specific moisture content of wood. The operation is very easy and fast. This checking 
operation should be performed on all transmitters before a new experiment commences. 
The resistances of different wood species at the same moisture content are influenced by the 
fiber density and composition, and are slightly different. Therefore, species correction is 
required if the wood measured is not the same as designated by the MC transmitter. 
When wood products (plywood, OSB, etc.) are measured, a calibration curve is needed. The 
calibration process derives the relationship between the moisture contents and the electrical 
resistance measured by the transmitter. The resistance is very non-linear with respect to the 
water percentage. The MC transmitter current output is also non-linear but to a much lesser 
degree. The relation between the MC transmitter current output and the real moisture 
contents (measured by the gravimetry technique) in the wood is obtained at a number of 
conditions (of temperature and RH). A second-order or third-order regression equation can 
be used as the calibration curve. Figure C-4 shows such as curve for fiberboard. Calibration 
curves for plywood and OSB are being obtained. 
2.1 1.9 1.7 1.5 1.3 1.1 0.9 0.7 0.5 
Volt 
FigureC-4. Calibration of impregnated wood fibre Board 
The above calibration for fiber board was performed at two temperatures, 4 and 17°C. The 
empirical relation in the above figure can be fitted to an equation for easier data processing: 
184 
MC(%) = 322.65• e-xmAV + ^—^-[0.8646*V2 -4.8377F + 7.1757] 
The relationship between the resistance and the moisture contents in wood is also affect by 
the temperature of wood at which the measurement is made. A thermocouple is placed on the 
material close to each pair of pins. Temperature measured during the test will be used for 
calculating temperature correction. A correction table for spruce word is shown below. 
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